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Voorwoord 
Aan het begin van een promotie onderzoek lijkt de promotie datum erg ver weg. Maar 
gaande weg komt het einde van de tijd als onderzoeker-in-opleiding inzicht en begint 
deze zelfs te dringen. Door een woud van technische tegenslagen en onbegrepen resul-
taten gloort sporadische het succes van een geslaagd experiment. Zoals zo vaak, kan 
ook nu gezegd worden dat 90 % van de resultaten zijn verkregen in 10 % van de tijd. 
Helaas, is deze periode nooit van te voren te bepalen, zodat veel tijd wordt gestoken 
in zaken die uiteindelijk geen resultaat opleveren. Tevens is het moeilijk te begrijpen 
dat de meeste experimenten pas succes opleveren op het moment dat je van plan bent 
naar huis te gaan. 1 
Zoals bij de meeste dingen in het leven komt er slechts weinig tot stand zonder de 
inbreng van anderen. Onder andere discussies met vakbroeders maar ook met 'leken' 
noodzaakt je om de ideëen, resultaten en problemen helder te formuleren en leidt zo 
nu en dan tot een verrassende andere kijk op de materie. In mijn geval hebben velen 
-in meerdere en mindere mate, bewust of onbewust- bij gedragen aan de totstand-
koming van dit proefschrift. In de eerste plaats dank ik mijn promotor Herman van 
Kempen voor zijn inzet en de geboden vrijheid om eigen ideeën te ontplooien. 
Een constante faktor tijdens de gehele promotie tijd waren Jan (H) en Jan (G), 
waarvan ik veel geleerd heb. De besproken onderwerpen zijn voor het merendeel niet 
terug te vinden in dit proefschrift, al waren ze onmisbaar voor het uitvoeren van de 
experimenten. Jan (H) wil ik in het bijzonder danken voor zijn heldere uitleg en 
snelle dienstverlening bij technisch problemen en kleine klussen. Voor Jan (G) geldt 
dit zelfde op het gebied van electrónica, computers, en STM experimenten. Jan (G) 
heeft -ondanks zijn soms eigen(-)wijze van uitleggen- met zijn enthousiasme, inzet 
en ideeën veel bijgedragen aan dit onderzoek. Beide wil ik tevens danken voor de 
levendige discussies en gesprekken buiten het directe onderzoek om. 
Mijn collega OIO's en AIO's wil ik bedanken voor de plezierige tijd bij EVSF 2. 
Zij bepaalden voor een groot deel de sfeer in de vakgroep. Niet alleen vanwege de 
discussies en opmerkingen tijdens de koffiepauzes, maar ook door hun belangstelling 
voor de technische problemen en de experimentele resultaten. Edwin wil ik speciaal 
1Een andere vraag die ik mezelf vaak heb gesteld is: "Waarom waren er altijd zoveel mensen in de 
kelder aanwezig die een meting konden verstoren, op die momenten dat deze succesvol waren, terwijl 
er dagen lang niemand aanwezig was gedurende de minder kritieke fasen van de experimenten." 
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noemen vanwege zijn geduldige hulp bij het oplossen van vele kleine en grote software 
problemen. Jerome, Edwin, Ronnie, Jan G. hebben de afgelopen jaren als mede lab 
en STM gebruikers dagelijks de hoogte- en dieptepunten gedeeld. Ik wil jullie daarom 
danken voor alle hulp, de vele discussies en de goede sfeer. 
Louis Schreurs, Jan Hermsen en Rob Karsman dank ik voor hun geduldige be-
werking van samples en sample houders. En met Ferry Derksen, Wim Schut en Eef 
Janssen wil ik alle mensen van de instrumentmakerij bedanken voor hun snelle service 
bij het vervaardigen van nieuwe en het vervangen van gesneuvelde onderdelen. 
Prof. John Inglesfield (K.U. Nijmegen) en Prof. Joost Frenken (AMOLF) wil ik 
danken voor de tijd die ze bereid waren beschikbaar te stellen voor het beoordelen 
van dit proefschrift. 
De samenwerking met Michiel van Buuren heeft -in verschillende etappen- uitein-
delijk toch geleid tot de beoogde resultaten. Hoewel zijn manier van werken niet altijd 
even subtiel was, kan ik toch met veel genoegen terug kijken op deze samenwerking. 
Ook Ellen de Boer wil ik bedanken voor haar inzet en de goede resultaten die we 
samen hebben verkregen. Ondanks de korte tijd die ze als studente bij EVSF 2 stage 
heeft gelopen. 
I would like to thank Mathias Wuttig and Thomas Flores of the KFA in Jülich 
for useful discussions about the MnCu pgg structures. Furthermore, I would like to 
thank Aidan Quinn for his humour delivered by e-mail and the large amount of results 
we produced in his two weeks stay at the KUN. 
In particular I would like to thank Justin Finbar Lawler or "Juggie" for his enor-
mous help during the process of writing this thesis. Especially for his critical proof 
reading of the manuscript, the answering of numerous questions, but above all for the 
lively discussions and beers joined in his local pub. 
Verder wil ik mijn huisgenoten, vrienden en familie bedanken voor de genoten 
belangstelling voor het werk en hun begrip voor de vele avonden en weekenden die ik 
niet met hen heb kunnen delen vanwege het werk besteed aan deze promotie. 
In het bijzonder wens ik mijn ouders te bedanken voor alle steun die ik heb ont-
vangen gedurende mijn studie en promotie. Daarom draag ik met een groot genoegen 
dit proefschrift aan jullie op. Pa nog bedankt voor het kritisch lezen van delen van 
het proefschrift. Uiteindelijk als laatste wil ik degene bedanken die het meest heeft 
meegeleefd gedurende de laatste fase van mijn promotie: Marieke bedankt voor jouw 
steun en Liefde. 
Ronald van der Kraan 
9 augustus 1995 
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Chapter 1 
Introduction 
The growth of sub-monolayer materials on clean surfaces studied by Scanning Tun-
neling Microscopy (STM) is fascinating for many different reasons. First of all there is 
the possibility of investigating growth processes at the atomic level. This is important 
for scientific reasons as well as for technology. The growth behaviour influences for 
instance the magnetic anisotropy of a magnetic film, the properties of semiconductor 
interfaces and the magneto-resistance of magnetic multilayers. Understanding and 
control of growth also opens up other areas of research by using the variation of local 
properties upon deposition, like surface reconstructions, local changes in the Schottky 
barrier height and quantum size effects. We will show that STM as a surface science 
tool can contribute many details on a local scale, which could not be studied by any 
other means. This is demonstrated by the results on Mg on Si(100), Mn on Cu(100) 
and Au on Fe(100). 
This chapter is intended as a general introduction for the subjects addressed in 
the different chapters and gives the background information governing the scope of 
this thesis. The section about Scanning Tunneling Microscopy introduces this tech-
nique and discusses the working principle as well as some inherent difficulties in the 
interpretation of its results. The sections about growth, metal-semiconductor inter-
faces and magnetic films have been included to introduce the different fields. These 
sections therefore serves as a basis for the various chapters. However the next section 
is devoted to surfaces, as most, if not all of the work has been performed on surfaces. 
1.1 Surfaces 
Most of our understanding of solids is based on the fact that they are, in essence, 
perfectly periodic in three dimensions. The introduction of a surface breaks this pe-
riodicity of the solid in one direction. This can lead to structural changes as well as 
localized electronic or vibrational states. Therefore surfaces and interfaces will exhibit 
13 
14 Introduction 
a large variety of atomic and electronic structures, which will rarely resemble ideal 
bulk termination. Gaining a proper understanding of surface effects is not just an 
academic question, as surfaces (and interfaces) play an important role in technological 
applications e.g. in low-dimensional devices, in catalysis and in data storage facilities. 
The increase of surface science research in recent decades is not only driven by 
these technological demands but is in large part due to the development of better 
preparation techniques and above all many new characterization tools like e.g. ТЕМ, 
SEXAFS, STM and LEEM. Contiguous to this is the advent of more powerful com­
putational facilities which have been very successful in the calculation and prediction 
of surface phenomena. For the actual fundamental research on surfaces, especially by 
Scanning Tunneling Microscopy, Ultra High Vacuum (UHV) is prerequisite for the 
preparation of atomically clean surfaces. As only a limited number of surfaces can be 
studied without the aid of UHV. 
Some of the basic questions to be answered in modern surface science, are to deter­
mine the mechanisms of atomic motion at surfaces and their connection to the process 
of crystal growth, and to understanding the relationship between surface atomic ar­
rangements and physical properties. These basic questions are not only applied to 
homogeneous surfaces but increasingly to more complicated heterogeneous or 'real' 
surfaces, and can be found in the various subjects studied in this thesis 
1.2 Scanning Tunneling Microscopy 
In the early eighties the STM was invented by Binnig, Rohrer and co-workers [1]. 
The STM is a microscope which can image real-space surface structures down to the 
atomic scale, which is quite remarkable considering its conceptual simplicity [2,3]. 
The principle of STM is based on the quantum-mechanical tunnel effect and a clever 
mechanical and electronic design. By bringing a sharp needle at a distance of 0.2-
1 nm above a conducting surface, a tunnel current flows upon application of a bias 
voltage, which then can be used to probe the atomic and electronic surface structure 
with atomic resolution (see Fig. 1.1). One way to obtain a topographic image of the 
surface is by scanning the tip over the surface by means of piezo-electric transducers 
and using a feedback system to regulate the distance between tip and sample. In that 
case the feedback signal will give information about the surface topography. Apart 
from topographic imaging, the STM can also be used as a local probe, and obtain 
information about the spatially resolved local electronic structure or barrier height. 
Although STM is a powerful tool the process of tunneling is still not understood 
in great detail. The resulting STM images are a convolution of the tip and sample 
shape and electronic structure. Thus the resolution obtained in an STM experiment 
does not only depend on the tip shape but also on its electronic state. Moreover the 
actual interaction of tip and sample have to be taken into account when considering 
STM images [2], which is demonstrated in this thesis by the results obtained on the 
Cu-0 system and on the MnCu surface alloys. In both cases the influence of the 
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Figure 1.1: Schematic drawing of an STM (a) and its electronic circuit (b). The hatched 
parts are the piezo-electric transducers which move the tip in three dimensions. Indicated in 
(b) are the feedback circuit where ы
а
, determines the bias voltage and V
re
/ sets the tunnel 
current. The amplifiers labeled Χ, Y and Ζ are the piezo drivers of the respective part of 
the piezo tube. 
tip largely contribute to the results. It shows that for interpreting STM results the 
observed effects cannot all be ascribed to the sample surface, but that it is necessary 
to consider the effect of the tip and its interaction with the surface. 
A spin off from the invention of the STM has been the development of many differ­
ent Scanning Probe Microscopes (SPM's) based upon different interaction mechanisms 
between tip and sample, e.g. ionic repulsion forces, magnetic forces and photons. The 
capabilities of these SPM's -as real-space microscopes, local probes of different phys­
ical properties, their use in different environments in combination with their low cost 
and ease of use- have attracted many scientist in a variety of disciplines making it 
one of the most versatile surface science tools. 
1.3 Epitaxial growth 
Modern trends in electronic and photonic device development are to make the de­
vices better, smaller and faster. This imposes rigid demands on crystal growth, so 
that extremely small structures can be fabricated with high material uniformity and 
interface smoothness. This technology requires control at an atomic level, which is 
now attainable and industrially practicable by using methods such as molecular beam 
epitaxy. The introduction of STM has reduced the spatial scale of crystal growth re-
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search down to the atomic size. The impact of the STM is not only given by its 
atomic resolution, also its dynamic range from the atomic level to several microme-
ters is equally important [4]. 
The process of growth is furthermore interesting from a scientific point of view, 
investigating the different growth modes and their relation to physical properties. 
The three most important growth modes are: layer-by-layer growth (Frank-van der 
Merwe), layer plus island growth (Stranski-Krastanov) and island growth or 3-dimen-
sional growth (Vollmer-Weber) [5]. The occurance of these growth modes is deter-
mined by many physical processes such as surface diffusion, surface energy, intermix-
ing, lattice mismatch, and can be modified by using e.g. surfactants, seed layers or 
surface roughness. The topographical and structural information gained in an STM 
measurement allows us to study the growth in detail in real space. Providing informa-
tion on the type of growth, the behaviour of islands, the surface reconstructions and 
the mobility of adatoms. A comprehensive STM study of epitaxial growth of metals 
on metals is given by Günther and co-workers [6], showing four different phases in 
film growth: nucleation, subsequent growth of 2D clusters, the transition of first to 
second layer and the continued growth of multilayers. 
The growth is effected to a large extend by the mobility of adatoms. Their mobil-
ity on the substrate surface determines for instance the nucleation density, and their 
diffusion along the step edges governs the shape of the outgrowth into 2D islands. 
This can lead to dendritic islands if no diffusion is present, or compact symmetric 
islands if the atoms have a high mobility at the step edges. The transition to the 
second layer is regulated by the same parameters and additionally by interlayer mass 
transport. The success of surfactants in epitaxial growth is most likely related to a 
lowering of the barrier for interlayer mass transport [7]. STM has also been used 
to study more difficult growth processes like intermixing. An example of this is the 
alloying of Au and Fe on Cu(100) by Chambliss et al. [23], they show that the arriving 
atoms take the place of surface Cu atoms. The Cu adatoms formed in this way, in 
turn aggregate at the island edges. 
1.4 Metal-Semiconductor interfaces 
In general metal-semiconductor interfaces provide many technological applications. 
Low workfunction metals on silicon have particular technological importance since 
such systems may find application as efficient photocathodes and as thermionic en-
ergy converter. There is also the more fundamental interest in studying intimate 
metal-semiconductor interfaces. Despite their technological importance and known 
biasing properties, metal-semiconductor junctions provide a rather complex physical 
behaviour on a microscopic scale. This is largely due to the temperature-depended 
intermixing and suicide formation within the interface. 
Over the past few decades a vast amount of both theoretical and experimental 
data has appeared, to obtain a better understanding of semiconductor surfaces, and 
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the formation of Schottky-barriers and metal-semiconductor interfaces [9]. It is quite 
clear that the details of the interface are of paramount importance when trying to 
understand its electrical properties. For example, it recently became evident that the 
first ML Pb [10] (or Sn [11]) on Si(l l l) 7x7 can form two different atomic structures 
with Schottky barrier height differences of as high as 0.23eV (О.ЗЗе ), which may 
also be influenced by structural changes within the first layer during growth. In other 
words, the surface atomic arrangement of the deposited metal monolayer is decisive 
in determining the electronic properties. 
In order to get a better insight into the principles of the interface formation, 
(sub)-monolayers coverages can be studied by STM. These studies includes both to­
pography and local spectroscopy. The combination of these two techniques may give 
a better understanding in the physical and chemical changes during the initial stages 
of interface formation. 
1.5 Thin magnetic films and surface magnetism 
The study of ultra-thin film magnetism has gained intense interest due to practical 
applications and recent fundamental discoveries in both theories and experiments. 
Some examples are, the predictions of enhanced magnetic moments of thin films 
grown on noble metals [12-14], giant magneto-resistance, the observation of an oscil­
latory exchange coupling in magnetic multilayers separated by non-magnetic spacer 
layers [15] and the development of a probe to study magnetic interfaces by means 
of magnetization induced second-harmonic generation [16,17]. A few of the stud­
ied systems are the stabilization of fee iron on Cu(100), Fe/Cr/Fe(100) [15,18] and 
Fe/Au/Fe(100) [20-22]. Most of these are studied with applications like magnetic me­
dia or magnetoresistive recording heads in mind, besides their fundamental aspects. 
The progress in this field is largely due to better preparation and characterization 
of the surface layers, as the magnetic properties of thin magnetic films are shown to 
be profoundly effected by the structure and morphology developed during growth. 
By influencing the growth parameters one can obtain differences in domain structure, 
coercivity, magnetic moments and magnetic anisotropy. Detailed study of the growth 
by e.g. STM is necessary to resolve the possible interdependence of structure and 
local magnetic moments, morphology and magnetic anisotropy. Moreover, inconclu­
sive structural characterizations can result in lengthy discussions about quality and 
reliability of prepared samples. The Fe/Cu(100) system [23,24] is just one example 
of this. 
Another fascinating use of the STM in this field would be the introduction of a 
spin-sensitive STM, probing the local spin density. To obtain such spin polarized 
electron tunneling different methods have been examined [25-27]. Wiesendanger et 
al. [25] showed by using a ferromagnetic СгОг tip on a Cr surface a periodic variation 
in the measured monatomic step height, ascribed to spin polarized tunneling. Another 
method is used by Alvarado and Renaud [26]. They showed that spin polarized tun-
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neling exists by measuring the recombination luminescence from GaAs(llO) excited 
by electrons tunneling from a Ni tip. Another possibility would be using optically 
created spin polarized electrons from a cleaved GaAs tip [27]. 
1.6 Scope and outline of this thesis 
Firstly in chapter 2 the Ultra High Vacuum (UHV) system used for the studies 
presented in this thesis will be described. In chapter 3 the results, obtained for the 
growth of magnesium on Si(100) 2x1 are presented. Magnesium on silicon was studied 
to reveal its growth mode at room temperature. The chapter starts with a short review 
on the preparation of clean defect free Si(100) 2x1 surfaces. Preparation of high 
quality silicon surfaces is shown to be delicate. Next the STM results on the growth 
of Mg will be discussed. Between the deposited Mg atoms previously unknown line 
segments are observed and studied using voltage dependent topography and scanning 
tunneling spectroscopy. Chapter 4 presents the results obtained on clean and oxygen 
covered Cu(100) surfaces. This is a preliminary study for the growth of metals on 
this Cu(100) surface. The results on the Cu(100) (\/2x 2\/2) R45°-0 reconstructed 
surface, shows the large influence the tip can have in the imaging by STM. In chapter 
5 the formation of ordered surface alloys of Mn on the Cu(100) surface have been 
studied to determine the growth mode, the structure of the alloys and to confirm the 
predicted large buckling of one of these surface alloys. Again it is demonstrated that 
the topography is largely influenced by the electronic states of the tip. The attempt 
to grow epitaxial Cr on Cu(100) is described in chapter 6. Cr is interesting because 
of the possibility of tunneling on alternating planar antiferomagnetic layers. The last 
chapter (chapter 7) shows the temperature dependency of the epitaxial growth of Au 
on Fe(100). The step height difference between fee Au (0.20 nm) and bec Fe (0.14 nm) 
enables us to examine the sub-surface interface with STM. 
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Chapter 2 
Experimental methods and 
setup 
2.1 Introduction 
The vacuum chambers used for the studies presented in this thesis have been described 
in detail by van der Leemput [1]. Therefore the description of the UHV system in 
this chapter will be general and focus on the methods and the parts essential for 
this thesis. The main goal for building the UHV system was to study the growth of 
thin metal films on clean substrates by STM. This determined to a large extend the 
decisions made in the design. The task in this project was to make the system work 
reliably and to do research on newly grown thin films. 
2.2 General description 
The UHV system (see Fig. 2.1) is built with flexibility in mind for sample use and 
evaporation materials. It therefore consists of two chambers: a preparation chamber 
with a base pressure of 7-10-11 mbar, and an analysis chamber with a base pressure of 
4-10 -11 mbar. The preparation chamber is equipped with 4 Knudsen cells which are 
surrounded by a cryo-shroud, a micro-evaporator, an iongun and a CMA Auger. This 
chamber is pumped by a titanium sublimation pump and a turbo-molecular pump 
and can additionally be pumped by opening the gate-valve to the analysis chamber. 
The analysis chamber contains LEED, a purpose-build STM and a storage facility 
for samples. It is pumped by ion pumps and a titanium sublimation pump. Samples 
and tips can be introduced via a fast entry load lock pumped by a separate turbo-
molecular pump. As with most UHV systems the manipulation of samples and the 
turn-around-time are its weakest points. 
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Figure 2.1: Schematic top view of the UHV system. The diameter of the analysis and 
preparation chambers is approximately 30 cm. 
2.3 Sample handling 
To obtain flexibility in sample use and manipulation, samples of different type and size 
can be mounted on sample holders made of stainless steel, molybdenum or tantalum. 
Molybdenum and tantalum can both withstand the high temperatures often needed 
for sample preparation, as tantalum can be more easily machined it has been used in 
most cases. Stainless steel must be used with caution because of the danger of sample 
contamination. Special sample holders have been laser cut for easy attachment of the 
samples (see Fig. 2.2). 
The manipulation of samples in the preparation chamber is relatively easy. Sub-
strate materials mounted on a sample holder are clamped with their leaf-springs under 
the spring clips of a commercial manipulator [2]. This manipulator can be positioned 
at the various positions needed for preparation and analysis. It is further used to 
transport the samples from one chamber to the other. Positioning the samples on 
the STM is more problematic, a wobble stick with jaws [3] is used to grip the sample 
holder from the manipulator. The difficulty lies in the large force on the wobble stick 
imposed by the atmospheric pressure making high precision manipulation hard to 
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Figure 2.2: Molybdenum or tantalum sample holder for sample transport. The sample is 
mounted under laser cut clips. The outer leaf-springs have been spot-welded on the plate 
to obtain a larger elastic range for mounting the sample holder under the spring clips of the 
manipulator. 
do. This is further augmented by the short overlap between manipulator and wobble 
stick. This has lead to the end of many experiments by dropping the sample or worse, 
bending the spring clips of the manipulator. To overcome this problem and to acquire 
a bit more freedom of movement the sample holders have been equipped with extra 
leaf-springs, spot welded on the holders (see Fig. 2.2). 
After transport the sample holders are mounted with spring clips on the STM 
sample stage or can be placed on a table mounted in the UHV. The sample stage is 
subsequently moved with the same wobble stick on to the STM. Although samples 
can be prepared at different temperatures, the STM can only be performed at room 
temperature (293-295 K). 
2.4 Sample preparation 
The samples can be cleaned by ion bombardment or by a high temperature treatment. 
For ion bombardment the samples are positioned in front of the sputter ion gun [4] and 
bombarded with Ar. The manipulator is provided with a sample heater, annealing 
of the samples can therefore be done at the same time as sputtering. This annealing 
is done by electron bombardment from the rear of the sample. To obtain a more 
direct heating of the sample, holes have been cut in the manipulator sample plate 
and the sample holders, so the electrons can impinge on the sample directly. This 
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way of heating is only used in the case of silicon. The temperature of the sample 
can be measured with a thermocouple mounted next to the sample holders or with 
a pyrometer. The standard Ni-Al/Cr-Al (K-type) thermocouples have been changed 
to Pt/Pt-Rh(13%) (R-type) to insure the absence of low melting point metals like Ni 
which could contaminate the sample, especially in the case of silicon. 
The subsequent growth of thin films can be done by placing the sample in front 
of a shuttered aperture and during the deposition the samples can be either heated 
or cooled (90-1400 K). For the growth four Knudsen cells (K-cell) [5] and a micro-
evaporator [6] are available, which all face upwards pointing at the shuttered aperture 
in front of the sample. Materials can be deposited simultaneously as each evaporator 
is equipped with its own shutter. These evaporation sources are shielded by a liquid 
nitrogen baffle for cooling the immediate surrounding for a low back-ground pressure 
during deposition. The flux of two K-cells and the micro-evaporator can be monitored 
by a Quartz-crystal Micro-balance [7]. From the K-cells Au, Сбо, Mg, Mn, Fe, Pb, and 
Cr have been deposited on a variety of substrates. In each case extensive outgassing 
was needed to reduce the pressure during deposition. 
2.5 AES and LEED 
The composition of the sample surface can be checked using Auger Electron Spec­
troscopy (AES) and for this purpose a cylindrical mirror auger electron analyser [8] is 
available. Auger electrons have a very short inelastic mean free path in the samples 
and can therefore only be emitted from the last 1-5 nm, depending on their energy [9]. 
The surface sensitivity of this technique enabled us to determine the contamination 
of the surface. The detection limit of the AES is typically 1% of a ML. For quali­
tative compositional analysis of the samples the Auger spectra were compared with 
the standard spectra of McQuire [10]. Quantitative analysis have been made with 
the sensitivity factors published by Davis et al. [11], resulting in the composition of 
the surface expressed as an atomic percentage for each of the elements. These can be 
transformed to a coverage in monolayers. 
AES measurement as a function of the deposition time (AES-t) can be performed, 
to study the growth mode [12]. These AES-t measurements can give essential informa­
tion on the growth behaviour, although one has to be very careful in the interpretation 
of the data, as many pitfalls are present. In a simple picture the growth mode can be 
determined by AES-t from the change in slope due to the completion of a monolayer. 
For such AES-t studies, AES was performed after each subsequent short deposition 
period. Therefore the sample had to be moved in front of the evaporation sources and 
subsequently in front of the AES. As AES is very sensitive to the sample position, 
this position was checked for each individual measurement. The primary electron 
beam current (4 μΑ) in the AES was held constant during the measurement like the 
K-cell and sample temperatures. The collected data are normalized and displayed for 
a number of peaks as a function of deposition time. 
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Low Energy Electron diffraction (LEED) is used to study the surface lattice struc­
ture, for that reason a rear view LEED Optics' [13] is mounted in the analysis chamber. 
LEED uses the low energy electrons reflected (elastically) off the sample surface to 
obtain a diffraction pattern [14]. This LEED pattern can in a simple picture be seen 
as the Fourier transform of the atomic structure of the surface. A complete analysis 
of the structure involves complicated full dynamical LEED calculations, in our case 
the LEED is used as a simple analysis tool. However one has to keep in mind that 
for electron waves to interfere their phases have to be correlated. This is given by 
the lateral coherence length, which is approximately 10 nm for a good LEED optic. 
This coherence length limits the information obtained about the degree of long-range 
order. LEED is surface sensitive, which is again due to the short mean free path of 
the low energy electrons (« 1 nm) as in AES. 
More theoretical and experimental details about surface science and surface science 
techniques can be found in many textbooks e.g. by Liith [15], Zangwill [16] and 
Woodruff and Delchar [17]. 
2.6 Scanning Tunneling Microscopy 
The STM has been designed for use in UHV with a large coarse positioning in χ and 
y. Secondly for ease of testing and servicing, the entire UHV-STM is mounted on a 
single CF 150 flange and schematically show in Fig. 2.3. The microscope has been 
altered from the design reported by van der Leemput [1] to improve stability and 
reliability. As a consequence the scan-unit has been changed, which will be described 
in the next section. 
2.6.1 The microscope 
The scan-unit in mounted in a cylinder which has been flattened on one side. This 
scan-unit rests in a V-groove sustained on one side by this plane and on the other 
side by a line (formed from the cylinder and plane). It is constrained by a leaf-spring 
acting from the top, leaving only 1 degree of freedom. This is schematically depicted 
in Fig. 2.3. The scan unit consists of a housing, two concentric piezo-tubes with a 
nut attached to the inner tube and a piezo- multilayer stack. A double tube scanner 
is used to negate the temperature dependence of the individual piezo-tubes. For 
scanning purposes the outside electrode of the inner tube is split in four sections and 
is used symmetrically for the χ and y motion (scan range: 4μτη χ 4μπι). For the 
z-direction the outer tube is used (range: Ιμπι). Tip wires are clamped by a four 
claw chuck in the tip-holder. These tip-holders can be changed insitu by screwing 
them in and out of a nut attached to the inner scan tube. The tip is shielded from 
the piezo-tube by a grounded copper ring. 
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F i g u r e 2.3: Schematic drawing of the microscope, some details have been left out for clarity. 
A section through the STM is shown in (a). The sample holder is mounted on the sample 
stage (A), in front of the scan-unit (B)which includes the piezo-tubes for scanning, the tip 
holder and the multilayer piezo-stack for the approach. (C) is the housing of the STM. The 
screw (D) is used for coarse approach and screw (E) can move the sample vertically, (b) A 
view on the tip without the sample stage, showing the mounting of the scan-unit. The black 
circles represent the Viton pieces in the vibration isolation stack (F). 
The coarse approach is done by sliding the scan-unit in the groove by means of a 
screw (pitch: 500 μπα; range и 6mm) while observing the approaching tip through a 
microscope. For the final approach the z-piezo-tube is fully extended and the piezo 
stack (range 10 μπι) ramped until a tunnel-current is detected. If the range of the 
stack is insufficient to obtain tunneling, it is retracted and the screw is turned и 6° 
to move the scan-unit и 8 μπι forward. 
The sample holders are placed onto the STM sample stage and subsequently moved 
on the STM. This sample stage can be positioned in χ and у direction by means of a 
mechanical system providing a range of 10 mm χ 6 mm, respectively. The mechanical 
positioning system is decoupled in all directions by using fork couplings, before the tip 
approach. This mechanical system for the sample stage movement required grounding 
of the sample and therefore the bias voltages had to be applied to the tip. The tip is 
connected by a coaxial cable running to the I-V converter with the shield floating at 
the bias potential to reduce the capacitance. The drawback of this I-V converter is 
the necessity to subtract the bias voltage from the converted current. Although this 
has been optimized, some bias dependence of the current can never be avoided. 
2.6 Scanning Tunneling Microscopy 27 
2.6.2 Vibration isolation 
An STM is very sensitive to vibration, especially in the range of 1-100 Hz as higher 
frequencies can be easily damped. Therefore the UHV system was moved to the 
basement of the building because the vibrational level and spectrum were much better 
than in the other laboratories. Secondly the large panels used for the bake out had 
to be removed from the supporting frame as they coupled in high levels of sound 
frequencies. Furthermore, the UHV system is placed on air dampers to reduce the 
amount of vibrations coupled from the floor. The damping can be further improved 
by placing the dampers from the floor level above the center of mass of the system. 
This however involves changing the supporting frame of the UHV chamber which 
is scheduled for the near future. These actions reduced the vibration levels to an 
acceptable level, with peaks still present on the system between 1 and 100 Hz below 
30 μπι/s2. The STM itself was mounted on two five-fold stacks of stainless steel plates 
separated by Viton pieces. These stacks act as good low pass filters. We encountered 
only problems at high feedback gains as there was a closed-loop resonance frequency 
as low as 1 KHz. By carefully tuning the gain this resonance has never led to problems 
in imaging. A more definite solution will be the design of a more compact, lighter 
and stiffer STM. 
2.6.3 Topography-
Topography has been mainly performed with a Nanoscope III control unit [18], al­
though is some cases the Omicron control unit [19] has been used. To obtain a 
topographic image of the surface the constant current mode is used. In this mode the 
tip is scanned over the surface while the tunnel current is kept constant by means of 
a feedback system, which adjusts the distance between tip and sample. In this case 
the feedback signal will give information about the surface topography. 
The STM is calibrated by using monoatomic Si, Cu or Au steps for the z-direction 
and the atomic resolution on HOPG, Si, Cu and Au for the χ and y directions. Only 
the linear parameters are set with 2.04 nm/V for the z, and 15.8 nm/V and 15.7 nm/V 
for χ and y, respectively. The accuracy to which the piezo-tubes can be calibrated 
is approximately 5 % due to the intrinsic non-linearity, hysteresis, creep, aging and 
cross coupling of the piezo-electric scanners. Differences in tip size and drift during 
scanning also have an influence. Therefore it is always best to calibrated the scan 
parameters during the same measurement session and on the same sample. This is 
done whenever possible to obtain the highest accuracy. 
All measurements have been performed using cut Pt-Ir wire (0.50 mm) as tip ma­
terial. The tips were heated to 420 К after loading in the UHV to remove adsorbates. 
The Pt-Ir tips produced good results without going through elaborate tip cleaning 
procedures before each measurement session as is needed for tungsten. Tips are used 
until they no longer produce a reliable tunnel current or show tip imaging. 
The images presented in this thesis have only been corrected by removing a linear 
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background unless otherwise stated. Filtering in any other way will be stated in the 
figure caption. Secondly, the color scale of most images has been altered to obtain the 
highest contrast, and to show the desired details. The z-values added in the figure 
captions indicate the height differences between the maximum and minimum grey 
values. 
2.6.4 Spectroscopy 
The commercial Omicron control unit [19] was used for Scanning Tunneling Spec-
troscopy (STS), as the Omicron spectroscopy program was the most flexible available. 
The stability of the STM was good enough for doing topography. However for topog-
raphy the feedback circuit of the STM is always on and will compensate for small and 
slow instabilities in the z-direction. For spectroscopy on the other hand, a sample and 
hold technique is used, the tip position is fixed above the surface while the voltage on 
the tip is ramped. After the acquisition of one spectroscopy curve the feedback circuit 
is turned back on for a short time. This time is needed to compensate for drift in the 
z-direction during the acquisition and delay time. After each voltage step the system 
was allowed to stabilize the current before the acquisition of data was started. Our 
STM setup needed approximately 1.5 ms for stabilization of the current, quite a long 
time due to the fact that the voltage is supplied by the /-V-converter to the tip. The 
time needed for one complete spectroscopy curve is approximately 1 s. The changes 
in the current during this time is smaller than 4 %, however some fluctuations are still 
present. Therefore all data is averaged over more curves. Some typical times used: 
delay time (2 ms; stabilization of current), acquisition time (3 ms; measurement time 
per point) and the scan time (30 ms time feedback is on). 
To obtain information on the density of states on different points in the STM 
images, spectroscopy and topography data were acquired at the same time, by Cur-
rent Imaging Tunneling Spectroscopy. In this way the different spectroscopy curves 
obtained for the positions of interest can be gathered in one measurement and be 
separated using the topography. Secondly it enables us to recognize drift and tip 
changes from the topography, variables which will influence the STS data to a large 
extend. The spectroscopy curves shown are averaged over as many points as available 
for the specific feature observed in the topography. The I-V-curves are numerical dif-
ferentiated to obtain the (dI/dV)/(I/V) curves. Before differentiation the I-V-curve 
are smoothed using a 4 point average algorithm from Numerical Recipes [20]. The 
(dI/dV)/(I/V) of points with / = 0 after smoothing were equaled to zero. 
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Chapter 3 
Cleaning of silicon and the 
growth of Mg on Si(100) 2 x 1 
In this chapter the deposition of Mg on Si(100) 2x1 surface will be presented. Before 
discussing the growth of Mg, a short review of the cleaning of Si surfaces in UHV 
as well as the results for preparing clean Si(100) surfaces will be given. The Mg 
covered Si is studied using Scanning Tunneling Microscopy (STM) by measuring the 
bias dependent topography and performing tunneling spectroscopy. Calculations have 
been performed to confirm the observed positions of the Mg atoms on the surface. 
From the STM measurements it follows that at low coverages the Mg atoms line up 
perpendicular to the dimer rows and that line segments are formed between these 
Mg atoms. For thicker coverages the surface is becoming rough. We have conducted 
Scanning Tunneling Spectroscopy (STS) on the clean Si(100) 2x1 surface as well as 
on the Mg atoms and line segments. 
3.1 Introduction 
Formation of dimers on the Si surface reduces the total energy. Therefore the surface 
reconstructs to a 2x1 structure in case of Si(100). The dimers are formed from hy-
bridization of the spMike dangling bonds of neighboring Si atoms [1] and are depicted 
in Fig. 3.7. This model has been confirmed by Hamers et al. [2] using STM. Addition-
ally these authors also found a different local c(4x2) reconstruction due to buckling 
(tilting) of the dimers. These dimers rapidly switch orientations at room temperature 
leading to an averaged symmetric appearance in STM images, while defects will pin 
the buckling locally [3,4]. Tilting (buckling) of the dimer had already been suggested 
by Chadi [5], resulting in an electron transfer from the 'down' atom to the 'up' atom. 
In this way the gap between the surface state increases, leading to a semiconducting 
surface. Such a charge transfer has been measured by Munz et al. [6] using STS. 
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This STM study of Mg on Si(lOO) is performed to examine the first stages of the 
growth in order to obtain a better insight into the principles of interface formation 
with respect to the electronic properties. Many alkaline silicon combinations have 
already been studied, mainly due to the relative simplicity of the alkaline metals [7]. 
Hence, the earth-alkaline group (Mg) represents the next logical step in this respect. 
Van Buuren et al. [8,9] have shown that the Mg/Si(100) interface is chemical 
reactive, and found a complicated growth mode in the initial stage of the interface 
formation. Their XPS measurements showed the formation of a 2 ML Mg2Si suicide. 
In the early stage of the growth an interface contribution to the XPS signal has been 
reported, which is ascribed to a random coverage of Mg on Si. Furthermore, on top 
of the magnesium suicide, Mg metal seems to grow in a laminar fashion. The initially 
observed shift of the Fermi level as a function of Mg coverage is negative toward larger 
Schottky barriers, however this shift is changing subsequently to a final positive value 
of 0.2 eV. This final position is 0.6 eV above the valence band maximum (VBM). The 
initial negative shift, although very small, has not been explained by van Buuren et 
al. [8]. 
The deposition of Mg has been studied more extensively on Si(l l l) than on 
Si(100). The techniques used in the literature are LEED, AES, PES and EXAFS 
to study the structure and the Schottky barrier [10-12]. There has been a discussion 
about the structure observed by LEED upon growth. This structure is believed to 
originate from the formation of an epitaxial suicide, which shifts the Fermi level from 
0.6 eV to 0.3 eV above the VBM. 
The growth of metals on Si(100) 2x1 has been studied by STM for a range of 
elements. Most of these elements grow in row like structures perpendicular to the 
dimer rows, see for instance for Al [13,14], Ag [15,16], Au [15], Pb [17], Ga [18], 
Li [19], К [19] and for homo epitaxial growth [20]. In case of In [21] the growth is 
parallel to the rows. Many of the adsorbates form dimers on the surface e.g. Si, Pb, 
Al and Ga. It turns out that in contrast to all these studies Mg on Si(100) 2x1 does 
not form well-ordered structures. 
3.2 Preparation of Si(100) 2x1 
The preparation of clean and defect-free Si surfaces has been reported in many articles 
[2,22-29]. The methods employed, differ in initial surface preparation, pressure range, 
flash temperatures, flash time and cooling rate. In this section a short review on these 
methods will be given. Furthermore, in order to obtain the best possible result many 
of these surface preparation methods have been tried. In the last part the actual 
applied sample preparation for the growth studies will be discussed. 
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3.2.1 P r e p a r a t i o n of Si(100) 2 x 1 , a review 
The preparation of high quality Si(100) surfaces has to result in a 2x1 reconstructed 
surface without contaminants, with large flat terraces and with a low defect concen­
tration. To clean Si surfaces in UHV many reports have appeared in the literature 
describing a range of different methods. They can be categorized into five main 
groups: (i) chemical treatment with a subsequent low temperature annealing proce­
dure in vacuum [22-24], (ii) ion etching and annealing to a range of temperatures 
up to 1520 К [25,26], (iii) only annealing treatments without any of the previous 
mentioned etching techniques [2,4,5,22,24,27], (iv) annealing at low temperatures in 
a Si flux of a Si surface capped by a S1O2 layer [28], and (v) a low temperature anneal 
of a surface capped by arsenic [29]. 
The most obvious differences between the reported methods is the variation in 
annealing temperature. Therefore, the advantages and disadvantages of a high as 
well as a low temperature anneal will be discussed first. The high temperature anneal 
is the most straightforward method, which can lead to very well prepared Si(100) 
surfaces. The problems which can arise are surface roughening and contamination 
induced reconstruction of the surface. Prolonged annealing and large temperature 
gradients have to be avoided as these will result in roughening of the surface [2]. On 
the other hand metal contaminants like Ni will lead to the formation of the (2xn) 
vacancy chain reconstruction [30], which cannot be removed by further heating. Car­
bon is another problematic contaminant as it is held responsible for the pinning of 
steps on the surface leading to hillocks [22]. This will effectively force the annealing 
temperature over 1500 К to dissolve the carbon in the bulk of the Si crystal and to 
obtain enough mobility of the surface atoms to flatten the surface. During such an 
anneal a low background pressure (below 1-10-9 mbar) is required to prevent further 
contamination and subsequent roughening of the surface. However such a low pres­
sure is not very easy maintained at high temperatures. 
The low temperature anneal has the advantage of maintaining a low pressure (in 
the low 1 0 - 1 0 mbar range) during the treatment. But the most commonly encountered 
problem is the presence of carbon on the surface. This carbon, as discussed already 
above, acts as a pinning center for steps resulting in large hillocks [22]. Therefore, a 
low temperature anneal can only be performed successfully on surfaces without con­
taminations, which necessitates a pretreatment of the surface. An additional problem 
can occur due to the removal of oxygen at low temperatures. It is the formation of 
the (2xn) vacancy chains on the surface. These vacancy chains, when ever present, 
can only be removed by an additional high temperature treatment [24]. The vacancy 
chain reconstruction can therefore be due to a low temperature oxygen removal or 
to a slight metal contamination. Now the five main groups will be discussed in more 
details. 
(i) As a low temperature anneal is required for industrial applications many stud­
ies have been performed to obtain clean surfaces by chemical etching. The two most 
commonly used chemical treatments result in either a hydrogen passivated surface 
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Figure 3.1: (a) 1.0 μιη x 1.0 μιτι χ 0.35 nm STM image after a 1500 К anneal. The stepped 
surface is due to a 0.2° overall miscut. (b) For comparison a 80 nm χ 80 nm χ 4.2 nm STM 
image of a low temperature annealed surface with a 5° miscut. This surface displays many 
hillocks characteristic for low temperature anneal, (c) 15 nm χ 15 nm χ 0.31 nm STM image 
of the (2xn) vacancy chain reconstruction after a high temperature anneal, (d) 75 nm χ 
75 nm χ 0.33 nm image showing another type of reconstruction of the Si(100) surface after 
a high temperature anneal. (V(=2.0 V, /¡ = 120 pA). 
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or a surface with a newly grown thin chemical oxide on top. Before these hydrogen 
or oxygen covered surfaces are prepared the surface will thoroughly be cleaned by 
chemical etching [31,32]. Hydrogen passivated surfaces are subsequently obtained by 
etching in HF or a NII4F/HF buffer and can be transformed to a 2x1 surface by a 
thermal anneal at a temperature as low as 800 K. Such hydrogen passivated surfaces 
are, however, very sensitive to ions and electrons and have to be handled with the 
utmost care to remain perfectly clean. Samples with a thin chemically grown oxide (in 
HCI/H2O2) can be transformed to a 2x1 surface by heating to 1200 К in UHV [23]. A 
new oxide can of course also be grown by a thermal anneal in oxygen at atmospheric 
pressures, such a treatment can lead to extremely flat SÌ/S1O2 interfaces. However, 
removal of a thick thermal oxide in vacuum will only be possible at high temperatures 
as the diffusion of Si through S1O2 has a high activation energy. Usually these kind 
of samples are used for Si beam cleaning, see (iv). 
(ii) Ion etching forms another pretreatment of the surface. However, surface dam-
age induced by the ion bombardment requires annealing at high temperatures to 
obtain high quality surfaces [25]. Ion etching can also be applied at low ion energies. 
In this way Si can be removed layer-by-layer [26] 
(iii) High temperature anneal has already been discussed above in contrast to the 
low temperature anneal. 
(iv) A newly grown S1O2 layer can be removed at lower temperatures by providing 
a flux of Si atoms to the surface. On the surface SiO will be formed which subse-
quently desorbs from the surface resulting finally in a clean surface. This method is 
mainly used by groups growing silicon in situ [28]. 
(v) A relatively new and effective method for obtaining clean Si surfaces is cap-
ping the surface in UHV with a layer of arsenic directly after Si MBE growth or UHV 
cleaning [29]. A capped Si surface can be transported and kept in air for a very long 
time without contaminating the surface. While the arsenic cap can be removed in 
UHV at temperatures as low as 800 K, forming a clean reconstructed surface [29]. 
3.2.2 Unsuccessful cleaning methods 
Following the literature high temperature annealing (iii), with and without pretreat-
ment, should results in the best surfaces and seems to be straight forward from the 
literature. Therefore it was the first method we tried for preparing clean Si surfaces. 
Our attempts were performed on differently prepared samples: chemically etched, 
ion bombarded or as received Si surfaces. This never resulted in good quality recon-
structed Si surfaces after the high temperature anneal. 
Some of the STM images taken after a high temperature anneal are shown in 
Fig. 3.1. The images display on a large scale flat Si(100) surfaces with large terraces 
separated by monoatomic steps, which reveal the overall miscut of the Si(100) surface. 
The protrusions present after a low temperature anneal are not present in this case 
as can be seen in Fig. 3.1b and 3.2b. On a small scale the high temperature anneal 
resulted in the (2xn) vacancy chain reconstruction (Fig. 3.1c) or even other high tem-
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Figure 3.2: (a) 15 nm χ 15 nm χ 0.3 nm (Vt=2.0 V, /t = 100 pA) STM image of the clean 
reconstructed surface. A step and some defects are clearly visible. This image is distorted 
due to some drift, (b) 870 nm χ 870 nm χ 9.0 nm (V, = 10.0 V, /t = 100 pA). Large scale 
image of the clean Si(100) surface. On the lower part of the image some rough area can be 
observed, which is ascribed to silicon oxide. The surface displays large terraces separated by 
protrusions of several nanometers high. 
perature reconstructions (Fig. 3.1d). This vacancy chain reconstruction may be due 
to a small contamination of the surface even below the AES detection limit, as has 
been shown previously by Niehus et al. [30] for the case of a small Ni contamination. 
The inferior results of the high temperature annealing are most likely due to 
indirect heating by the electron bombardment. Due to this indirect heating high 
temperatures are difficult to achieve and temperature control will be difficult. Occa­
sionally it has lead to silicidation of the Mo and Ta sample holders in contact with the 
Si. A second effect of the indirect heating is a large temperature difference between 
sample and holder. This problem has been overcome by cutting a hole in the sample 
holder and therefore directly bombarding the backside of the Si sample. However, 
high background pressures during anneal was still a significant problem for this type 
of sample heating. These high pressures were most likely due to electron stimulated 
desorption of molecules from the chamber walls. This high pressure together with the 
direct contact of the metal support with the Si sample may result in a small contami­
nation of the Si surface, enough to form the vacancy chain reconstruction. These last 
problems could not be avoided without a major change of the sample manipulator. 
Ion bombardment of the sample surface was also not successful as the carbon 
could not be removed completely from the Si surface. An additional problem was the 
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surface damage introduced by the sputtering. This damage had to be repaired by a 
high temperature anneal, resulting in similar problems as described previously. An 
alternative long anneal at a lower temperature e.g. at 1200 К resulted in roughening 
of the Si(100) surface and the formation of (111) facets. These facets are also shown 
by Hamers et al. [2]. 
Finally, after the unsuccessful high temperature preparation method, we decided 
to use chemical etching and subsequent short anneal at lower temperatures. Before 
describing the actual sample cleaning, it should be pointed out that STM is actually 
much more sensitive for determining the surface quality than AES and LEED. The 
slightest amount of contamination or defects on the surface can be detected from the 
topography and the stability of the tunnel current. The detection limit of AES is 
approximately 1% of a monolayer, corresponding to an average of 1 atom in hundred. 
The STM can detect locally any contamination present in the scanning window. Fur­
thermore, to determine the surface quality from LEED, one has to determine the 
sharpness of the spots and the appearance of a diffuse background. In the case of 
Si the surface contamination and quality can best be determined using STM, a good 
surface shows large defect free reconstructed terraces, without any protrusions from 
contaminants. 
3.2.3 Sample preparation 
This section describes the method used in our STM studies on silicon. The Si(100) 
samples with dimensions of 7 mm χ 6 mm χ 0.5 mm were cut from standard n-type 
wafers with a doping level of 1015 c m - 3 (phosphorus). The samples were chemically 
rinsed [31,32], oxidized, mounted on Mo or Ta sample holders and subsequently placed 
in the load-lock. 
The chemical treatment [31] consisted of four different stages: (a) 10 min in 
NH4OH: H 2 0 2 : H 2 0 1:1:5 at 355 K; (b) 10 min in HC1:H 2 0 2 :H 2 0 1:1:5 at 355 K; 
(c) 1 min in NH4F/HF buffer or sometimes (c) 5 s in HF:H 2 0 1:5 and additionally 
another 50 s after diluting this solution to 1:50; (d) 10 min in Η01:Η2θ2:Η2Ο 3:1:1 at 
355 K. After each stage the samples were rinsed for 5 min in flowing de-ionized water. 
The Si sample was blown dry with nitrogen gas and then mounted on thoroughly 
degassed Ta or Mo sample holders. Clean Si(100) 2x1 surfaces were obtained after 
outgassing at 850 К for a few hours, and subsequent flash anneals in steps of 50 К up 
to 1100 K, keeping the pressure below 1-10-9 mbar. The surface quality was checked 
with LEED, AES and STM. 
Typical sharp double domain (2x1) LEED patterns were observed, while the AES 
detected no oxygen (less than 0.3% of a ML) and less than 1% of a ML carbon. The 
STM (see Fig. 3.2) showed some remaining defects, large flat terraces with a 2x1 re­
construction and protrusions at mutual distances of ~0.5μπι (height ~10 nm, lateral 
dimensions ~0.1μπι) over the complete surface. These protrusions are due to the way 
the clean surface is prepared, i.e. at low temperatures and some residual carbon on 
the surface [22] causing pinning of the steps. In addition desorption of oxygen from 
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F i g u r e 3.3: Si(lOO) 2x1 surface as a function of increasing Mg coverage. The coverage is 
0.02 ML, 0.04 ML, 0.08 ML, 0.5 ML, 1.2 ML and 6 ML, respectively. The sizes are (a) 32 nm 
χ 32 nm χ 0.27 nm (b) 34 nm χ 34 nm χ 0.43 nm (c) 50 nm χ 50 nm χ 0.28 nm (d) 
23 nm χ 23 nm χ 0.35 nm (e) 45 nm χ 45 nm χ 0.8 nm (f) 65 nm χ 65 nm χ 2.7 nm. 
(V t=2.0-2.5 V, /( = 120 pA) 
the surface produces open voids within the oxide layer. These voids grow by diffusion 
of Si to the oxide boundary, forming SiO which finally desorbs [24]. Fig. 3.2b shows 
a large scale image just before completing the oxygen removal. In the bottom part of 
the image a small rough area on the higher part of the surface is shown and we believe 
that this is a small area of silicon-oxide not yet desorbed. Tunneling on this partly 
with oxygen covered surface was performed at Vb¿aíl=5-10 V. Additional annealing 
of this sample resulted in a clean well reconstructed surface shown in the small scale 
image of Fig. 3.2a. The protrusions present on our Si surfaces will not influence the 
results for the growth of Mg on Si, as we deposit very thin films and only measure on 
the flat terraces. However vacancy defects might have an effect on the growth itself, 
therefore a new Si sample was taken as the amount of defects increased above 5%. 
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3.3 Magnesium on Si(lOO) 2x1 
3.3.1 Deposition of magnesium 
The Mg is evaporated from a Knudsen cell at 590 К and at a pressure of 2 1 0 - 1 0 mbar. 
Magnesium flakes (99.999% pure, Goodfellows) were loaded in an AI2O3 crucible. 
The flux was monitored during the growth by a quartz-crystal micro-balance, and 
checked by the AES and the STM pictures. The deposition rate was determined to 
be approximately 0.07 nm/min. Accurate calibration of the deposition rate was not 
possible as the Mg flux fluctuated from deposition to deposition. The Mg is deposited 
on clean Si(100) 2x1 at 300 K, as at higher temperatures the Mg would be transformed 
directly into magnesium suicide [8,9]. The Si substrates can be cleaned for re-use by 
heating them to 800 К to re-evaporate the Mg and by heating subsequently to 1100 
К to obtain well-ordered surfaces. However a, new sample was taken whenever the 
carbon contamination was increased above 1% of a ML, or the defect density above 
5% of a ML. 
After deposition of Mg the (2x1) LEED pattern gradually faded into a hazy 
background and was no longer visible after a Mg coverage of 0.5 ML. This result 
indicated that the Mg disturbed the surface order associated with the reconstruction 
at higher coverages, and that the Mg atoms were not well-ordered. The Auger signal 
intensity of the Mg(45 eV) and Si(92 eV) transitions were measured as a function of 
deposition time (AES-t) at 300 K. The Si signal slowly dropped while the Mg signal 
increased. The Mg(45 eV) Auger peak has been corrected for the small Si(45 eV) 
Auger peak. No breakpoints were observed in the AES-t which could indicate a 
layer-by-layer growth mode [33]. Therefore three dimensional growth is expected 
from AES. 
3.3.2 Growth of Mg on Si(100) 2 x 1 
The STM measurements of the Mg covered Si(100) 2x1 surfaces ranging from 0.02 ML 
to 6 ML are shown in Fig. 3.3. All the images are taken at positive tip-bias voltages. 
At very low Mg coverages the STM shows single protrusions with a height of ap­
proximately 0.12 to 0.14 nm above the dimer rows at Vt=+2 V. This is about the 
height expected for an adsorbed atom. Therefore, these protrusions will most likely 
be the Mg atoms. The position of these atoms will be discussed at the end of the 
next section. 
At a somewhat higher coverage the bright protrusions tend to line up in strings 
separated by one or more dimer rows. These strings connect 2 or more of the atomic 
protrusions, and they mostly extend perpendicular to the dimer rows, although small 
deviations of this perpendicular direction are present. In addition line segments ap­
pear between the protrusions of these strings with a height of the line segments of 
0.04 nm to 0.07 nm above the dimer rows at Vt=+2 V. This height is too low to be 
caused by Mg atoms. These line segments indicate a strong connection between the 
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Mg atoms. As already mentioned in the introduction of this chapter, many metals 
deposited on Si(100) 2x1 grow in lines perpendicular to the dimer rows. However, in 
contrast to these studies no well-ordered Mg overlayer structures have been observed 
and none of the other metals on Si(100) displayed these line segments between the 
metal atoms. The origin of the line segments will be discussed in the next section in 
conjunction with the bias voltage dependent topography. 
The STM picture changes considerably upon deposition of more Mg. A coverage 
of half a monolayer Mg leads to a disordered film, and depositing even more Mg re­
sults in rough films due to the formation of grains and three dimensional growth. Our 
STM results are in good agreement with our LEED measurements, which likewise did 
not show well-ordered growth. However, these results are in contradiction with the 
XPS results of van Buuren et al. [8]. These authors concluded from the attenuation 
of the suicide peak that the Mg grows in a laminar fashion. But this growth mode is 
deducted from only 4 measured points in a thickness range of only 3 ML in a logarith­
mic plot. Furthermore, XPS is not really suited for the study of a growth mode as it 
averages over at least 3 nm deep. In particular distinction between layer-and-island 
(Stranski-Krastanov) and layer-by-layer (Frank-van der Merwe) growth modes will be 
very difficult if the crystallites are small and do have a high surface density. STM is 
probing the surface in real-space and is far better suited for investigating the growth 
mode. 
Also the report by Ichinokawa et al. [34] contradicts our observation of a badly 
ordered surface. They mention (without presenting any observation or further refer­
ences) in their STM study a 2 x 3 o r 2 x 2 structure after annealing to 770 К depending 
Figure 3.4: (a) 61 nm χ 61 nm χ 0.35 nm STM images of 0.08 ML Mg on Si(100) 2x1 
showing the change in orientation of the line structures upon rotation of the Si reconstruction 
by a mono-atomic step. (V t=2.5 V, /t = 100 pA), (b) 9 nm χ 9 nm χ 0.3 nm STM images 
showing clearly the line up and line segments on the surface after 0.04 ML Mg deposition. 
(Vt = 1.3 V, /t = 140 pA), (c) 12 nm χ 12 nm χ 0.3 nm image showing another Mg induced 
line segment on the surface (V t=3.3 V, / (=260 pA). 
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Figure 3.5: A series of images of the Mg induced line segments on the Si(100) 2x1 at dif-
ferent tip bias voltages, displayed in the same order as measured. All images are 10.7 nm X 
10.7 nm and imaged with different bias voltages: (a) V t=+2.7 V, 2=0.33 nm, (b) V¿ = —0.5 V, 
2=0.33 nm, (c) V«=-1.5 V, 2=0.39 nm, (d) V«=-2.1 V, 2=0.42 nm, (e) VJ=+0.9 V, 
2=0.37 nm, (f) Vt=+2.3 V, 2=0.33 nm, / t = 180 pA. The changes in the appearance can 
be clearly followed using the white box to register the same area on the substrate. 
on coverage. However, as the Mg starts evaporating at temperatures as low as 570 K, 
we believe all the Mg must have sublimated from the surface at 770 K. 
3.3.3 Voltage dependent topography of Mg atoms and line seg-
ments on Si(100) 
Although no long range order is found on the surface, strings of atoms connected by 
vague line segments are observed all over the surface at low coverages. They vary 
in length and connect two or more Mg atoms perpendicular to the dimer rows, see 
Fig. 3.3b. To investigate the origin of these line segments and the atomic protrusions 
a series of STM pictures have been taken with different bias voltages on the same 
area, see Fig. 3.5 and Fig. 3.6. The images are taken in time a few minutes apart and 
are displayed in the same order. Note that the images are not arranged according to 
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the bias voltage and that some drift is present as observed from the position of the 
defects. Imaging the strings at different voltages appeared to be difficult as the tip 
sometimes changed the surface by depositing or picking up atoms. The line segments 
could be observed for several hours, after which they began to deteriorate. 
Before discussing the details of the imaged line segments first the bias dependency 
of the Si substrate will be discussed. 
(i) The images at Vt > 0.8 V display the filled π states, as reported many times in 
literature, (see Fig. 3.5a,e,f and 3.6g,h) 
(ii) Such filled dimer states also show up for tunneling in the gap at Vt « +0.4 V 
although the tunnel current is less stable (see Fig. 3.6i). 
(iii) The images between -0.8 V < Vt < —0.4 V show the empty π states and 
resemble the images shown in many papers [35,36] as the empty state image 
(see Fig. 3.5b and 3.6c,d,e). 
(iv) The images taken at Vt < -1.0 V differ considerably from the empty state 
images presented in the literature. The defects are apparently moved by half 
a unit cell and states appear in between the dimer rows (see Fig. 3.5c,d and 
3.6a,b,f). 
The states appearing in the images taken below Vt=—1.0 V can, in conjunction with 
the STS results of section 3.4, be ascribed to the backbond [37] which is strongly 
present between the dimer rows at an energy of V
s
=1.2 V. This ascription can also 
be concluded from the report by Munz et al. [6]. This type of states will be further 
discussed together with the STS data in section 3.4. 
The image in Fig. 3.6h at V t=+0.8 V shows extra states at some of the defects. 
Hamers and Köhler [36] show three different types of defects. The observed ex-
tra states are due to the dangling bond states of the C-type defect. Hamers and 
Köhler [36] also show that Fermi level pinning of defects for Si(100) 2x1 can be pri-
marily attributed to the C-defect type which has a high density of states at the Fermi 
level. 
It is not only the appearance of the Si surface in the STM image that changes 
as a function of the bias voltage, but also the line segments and atomic protrusions 
do change. First of all the apparent height of the Mg atoms (bright protrusions) 
of the strings changes from 0.12-0.14 nm at Vt=+2 V to approximately 0.30 nm at 
Vt=—2 V. Also the height of the line segments changes from 0.04-0.07 nm at Vt=+2 V 
to approximately 0.20 nm at Vt=—2 V. The increase in height in both cases indicates 
that there have to be extra states at negative bias voltages to tunnel into. These 
states do show up clearly separated in space between bias voltages of —1.5 V and 
+ 1.0 V (see Fig. 3.5b,c,e) and are localized between the dimers at these voltages. At 
higher or lower voltages the states join and form the observed broad lines. The states 
at —0.5 V have a width of approximately 0.8 nm, comparable to the distance of two 
dimers (0.76 nm). Also these states will be further discussed in conjunction with the 
STS data in section 3.4. 
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Figure 3.6: Sequential images of a Mg atom on Si(100) 2x1 taken at different tip bias 
voltages and displayed in the same order as measured. The box indicates the same sur­
face area in all images and can be used to register the states appearing. All images are 
9.6 nm χ 9.6 nm and imaged at (a) Vt = -1.8 V, z=0.28 nm; (b) Vt = -1.4 V, z=0.26 nm; 
(c) Vt = -0A V, z=0.33 nm; (d) V t =-0.4 V, z=0.33 nm; (e) V< = -0.8 V, z=0.28 nm; (f) 
Vt=-1A V, z=0.28 nm; (g) Vt=lA V, z=0.25 nm; (h) Vt=0.8 V, z=0.33 nm; (i) Vt=0.4 V, 
z=0.35 nm; / t=260 pA for (a,b,c,d,e,f) and It — 170 pA for (g,h,i). 
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Based on these STM observations the bright protrusions are believed to be the 
Mg atoms. The line segments appearing between these bright protrusions form extra 
states induced by the Mg and are most likely due to a charge transfer from the Mg 
into the empty Si states. These conclusions are supported by the results obtained for 
lithium and indium on Si(100). Hashizume et al. [19] mentioned that the Li-atoms 
elongate along the dimer rows and it appeared as if the lobes of electronic charge 
density extend 2-3 nm perpendicular to the dimer rows. In case of In deposited on 
Si(100) 2x1 the In atom is imaged as two protrusions in the empty state image and 
as one protrusion in between the empty states in the filled state image [21]. 
The voltage dependent images from a single protrusion show more details (see 
Fig. 3.6) than those of the line structures (see Fig. 3.5). The features or extra 
states in Fig. 3.6 do move clearly with respect to the underlying Si surface. Be-
tween V t=l-0 V and -1.8 V the location of the states clearly shift. The states are 
probably the extra empty and filled states caused by the charge transfer from Mg to 
Si. The changing position of the protrusion made a determination of its true lattice 
site problematic. Figure 3.6 g suggests that the Mg atom is positioned on top of the 
dimers for Vt >1.0 V, while Fig. 3.6 h taken at Vt=—1.8 V showed that the protrusion 
is now positioned in between the dimer rows, so shifted by half a unit cell. From a 
close inspection of the protrusions in the strings of many images, it can be concluded 
that the position of these protrusions at large negative as well as positive voltages is 
the same. From the majority of the images it can be concluded that the protrusions 
and thus the Mg atoms, are positioned on top of the dimer. 
The position of the Mg atom on the reconstructed surface have been calculated 
with the Car-Parrinello method [38] by Heinemann [39]. The Car-Parrinello scheme 
allows for the simultaneous calculation of the electronic as well as the atomic structure 
and is very important for the study of the effect Mg has on the electronic structure of 
the Si(100) surface. From calculations it followed that the Mg atom positions itself 
approximately on the Si-dimer [40]. This is exactly the position observed in the STM 
images for tip-bias voltages higher than 1.0 V and lower than —1.8 V. The calculated 
surface structure is shown schematically in Fig. 3.7. The dimer underneath the Mg 
atom is calculated to be only slightly buckled, thus almost symmetric, which should 
give rise to a broadening of the density of states (DOS) at this site. The position of 
the other dimers is found not to be significantly different from their positions on a 
clean Si(100) surface. This result proves that the unit cell of 6x2 used in the calcu-
lation was large enough. The Mg atom is actually positioned towards the lower atom 
of the buckled dimer. The calculated electronic structure showed states between the 
Mg atom and the Si-dimer directly underneath, however, no states resulted from the 
calculations which could represent the line segments observed in the STM images. 
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3.4 Scanning Tunneling Spectroscopy 
This section will report the Scanning Tunneling Spectroscopy (STS) data obtained of 
the bare Si(100) 2x1 and are obtained for the Mg covered samples. STS is performed 
on the clean Si(100) 2x1 to compare the results from our setup with data available in 
the literature as well as to compare them with the results obtained for the Mg covered 
samples. Before presenting and discussing the STS results some details necessary for 
interpreting these results on Si(100) 2x1 will be discussed. 
The experimental details of STS have already been discussed in section 2.6.4. 
The spectra were measured by Current Imaging Tunneling Spectroscopy (CITS). In 
CITS an i-V-curve is measured at every topographical point and simultaneously 
the topographical information is obtained, and, hence obtaining a direct correlation 
between topography and local spectroscopy. Our spectroscopy curves are measured 
in an area of 4 nm χ 4 nm taking an I-V curve of 150 points on a grid of 40 x 40 
Figure 3.7: Model for the buckled Si(2xl) surface with the Mg atoms on the calculated 
positions. The white atoms form the Si dimers, the grey ones represent the second layer Si 
atoms and the dark grey atoms are the Mg atoms. The box shows the 6x2 unit cell taken 
for the calculations. The drawing clearly shows that the Si dimer bond underneath the Mg 
atoms is stretched and only slightly buckled. 
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points. All curves above the same features in the topography are averaged to obtain 
a good signal to noise ratio. The energy axis of the figures has the opposite polarity 
from the tip voltage as it shows the sample voltage V
a
. This has been done to obtain 
the same energy scale as in common use in the literature. In this case a negative 
polarity means filled states and positive polarity empty states. 
3.4.1 Spectroscopy on t h e clean Si(100) 2 x 1 surface 
The 2x1 reconstruction produces a filled щ bonding state and an empty π
α
 anti-
bonding state, located 0.3 eV below the valence band maximum (VBM) (at V^=0.7 eV) 
and 0.4 eV below the conduction band minimum (at V
a
=+0.3 eV) respectively [41]. 
Additional surface defects give rise to a defect state at the Fermi level. As the defect 
density is higher than 10 1 0 -10 u c m - 2 E/ is pinned at и 0.4 eV above the VBM at 
this defect state. This pinning of the Fermi level is observed in XPS [42]. 
STS on semiconductors requires very careful interpretation of the data. Tip in­
duced band bending present on unpinned surfaces will cause that part of the voltage 
applied to the tip drops over the semiconductor and will not be present between the 
tip and sample surface. Hence, the voltage applied is no longer a valid energy scale 
for STS and the band gaps measured will be too large. McEllistrem et al. [43] show 
by local surface photovoltage measurements that there is significant tip induced band 
bending in case of η-type Si(100), although many surface defects (101 3 c m - 2 ) were 
present in their case which should be enough to pin the Fermi level. They concluded 
that an STM tip can locally unpin the surface. 
Only a few reports have appeared in literature showing STS curves of the clean 
Si(100) surface [6,36,37,44-46]. Hamer et al. [36,44] and Boland [37,45] observe a 
clear 7Гь at —0.8 eV, a π
α
 at +0.35 eV and a peak at +1.5 eV attributed to a back­
bond [37,47]. A different spectrum is observed by Iwawaki et al. [46]. They show 
that the STS spectra across a step edge exhibit peaks at 0.6, -0.6, -1.4, —1.7, -2.1 
and —2.4 eV. The shifted position of the peaks at 0.6 and —0.6 eV, with respect to 
the peaks observed by Hamer et al. [36,44] ascribed to Fermi level pinning by defects. 
The —1.4 eV and —1.7 eV peaks are particularly sharp at the step edge. The last 
report by Munz et al. [6] showed the site dependence of the empty state level. They 
observe many peaks, the peaks at —0.8 eV and 1.0 eV are the most important. Their 
CITS measurements of the empty states showed a large difference between the 'down' 
and 'up' atom of the Si-dimer ascribed to the theoretically predicted charge transfer 
from the down to the up atom of the Si dimer. 
Our STS curves for Si(100) have been obtained on three different samples, (i) a 
clean almost defect free η-type Si sample (less than 2% defects), (ii) the same sample 
with a small amount (0.04 ML) of Mg, and (iii) a clean η-type Si sample with many 
defects ( « 15% defects). The clean Si(100) surface did not reveal many features in 
the /-V-curves. This result is likely due to tip induced band bending, thus unpinning 
the Fermi level by the tip. The possibility of a bad tip has been ruled out by mea­
surements performed on many different positions on the surface. Also voltage pulses 
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to the tip and even tip crashes to alter the tip shape did not result in spectra with 
many features. Although some of the spectra contained features resembling those of 
Fig. 3.8a, this was never achieved on a clean part of the surface, and secondly the 
spectra on the clean surface showed a much larger band gap than measured on the 
other Si samples. This again indicated that the Fermi level is not pinned by the small 
number of defects present. 
The spectroscopy curves on the clean Si sample with many defects (« 15% de­
fects), see Fig. 3.8a, showed the same spectra as reported by Hamers et al. [44] and 
Boland [37]. Namely a sharp peak at —0.8 eV corresponding to the filled ігь bonding 
state of the dimer and a peak at +0.3 eV corresponding to the empty π
α
 anti-bonding 
state. These peak positions are in good agreement with the photoemission and in­
verse photoemission spectra, which reveal states at —0.7 eV and +0.3 eV [41]. Also 
a peak at +1.2 eV is observed, which is attributed to the backbond as observed by 
Boland [37]. These states are also observed in the bias dependent topographical im­
ages of the Si surface. They appear at Vt < —1.0 V and show up in between the dimer 
rows. At higher voltages they disappear and the Si-dimers show up. 
The same features are observed in the STS curves obtained for the Si part of the 
Mg covered Si(100) surface, see Fig. 3.8b. These spectra show well-resolved peaks in 
the (dI/dV)/(I/V). The better quality of these measurements is most likely due to a 
better pinning of the Fermi level due to the presence of Mg. The CITS enables us to 
discriminate between the sites on top of the dimer rows and the sites in between the 
dimer rows. Figure 3.8b shows two spectroscopy curves obtained on and in between 
the Si dimers. The largest difference between the two spectra is the intensity of the 
backbond. The backbond can be observed more strongly between the dimer rows 
than on top of them. This can also be observed in the data presented by Münz et 
al. [6]. 
Another striking difference with the clean Si spectra is the large shift of the Fermi 
energy. The observed 7r¡,, π
α
 and backbond states are shifted by +0.20 ± 0.07 eV 
from the clean Si to the Mg covered spectra. This means that the Fermi level is 
shifted towards a larger Schottky barrier and stronger band bending. Van Buuren et 
al. [8] show in their XPS measurement that the Fermi level shifts as a function of Mg 
coverage. This shift is first negative toward larger Schottky barriers, as we observed 
in the STS data for a very low coverage, subsequently the Fermi level shifts to a final 
positive shift of 0.2 eV at Mg coverages larger than 2 Ml. The origin of this shift 
to larger Schottky barrier in the very low coverage regime is yet unclear. A possible 
explanation could be that the Mg induces extra surface states below the Fermi level 
pulling it down in energy and therefore giving rise to a larger Schottky barrier. At 
larger coverages Mg becomes metallic and will behave differently from Mg ad-atoms. 
In this case the metallic character of the Mg governs the final Schottky barrier. 
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Figure 3.8: (a) STS curve taken on a clean Si(100) 2x1 surface with many defects present 
( » 15% of the surface). The data is averaged over 250 STS curves. Setpoint: (V,=—2 V, 
1,-200 pA). (b) STS of Si(100) 2 x 1 surface on top and in between the dimer rows. On this 
surface a very small amount of Mg is present and the signal from a Mg-atom and from a line 
segments is measured simultaneously. The data is taken from a CITS measurement and an 
average of 50 curves. Setpoints: ( ,=+2.Ь V, /ä=180 pA). The scale of all STS figures are 
the same. Labels are drawn in all STS figures at the same energies to allow comparison of 
the peak positions between the different spectra. 
3.4.2 Spectroscopy of M g on Si(100) 2 x 1 
The STS curves obtained above the single Mg atom and above the line structures 
are very different from the ones obtained on the Si surface, see Fig. 3.9. They also 
exhibit much more variation between different curves, although the major features of 
the spectra remain the same. Therefore, not just one typical curve is shown for each 
case but several are plotted. Note that the scale is equal in all the figures (also for the 
Si-spectra). For the STS measurement 0.04 ML of Mg has been deposited on clean 
Si(100) 2x1 surfaces with a low defect density. 
First the curves taken above a single Mg atom (see Fig. 3.9a) will be discussed. 
This figure shows two typical curves obtained above a single large protrusions ascribed 
to one Mg atom, similar to the Mg atom of Fig. 3.6. The spectra do not show large 
peaks at the positions of the π 0 , π α and backbond states, therefore, the number of 
these states available has decreased. However, some states are still present in these 
energy ranges. The calculation by Heinemann [40] showed that the dimer underneath 
the Mg atom is only slightly buckled (see Fig. 3.7), which broadens the energy levels 
of the π states, which can account for these observations. The curves do show a slow 
increase in the number of empty states from approximately 0.3 eV to a broad maxi­
mum at 1.5 eV while also extra filled states are observed from —0.8 eV to —2.0 eV. 
These extra filled states of the Mg atom can cause the Fermi level to shift down in 
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Figure 3.9: Curves selected from an CITS measurements (a) an average of curves taken 
above a single Mg atom. Setpoints: · (
 а
= - 2 . 5 V, / ä=180 pA); • (V ,=-2 V, Ia=275 pA). 
(b) a number of STS curves averaged over the observed line structures, setpoints: A 
(V,=-2.5 V, / ,=180 pA) the others {V,=+2 V, / ,=180 pA). 
energy with respect to the π states. The broad peak with a maximum at 1.5 eV, is 
attributed to the unoccupied part of the Mg density of states. 
Figure 3.9b shows four typical spectra obtained over the Mg induced line segments. 
They differ from the atomic Mg spectra on four points, (i) no extra filled states in 
the region of —0.8 eV to —2.0 eV are observed; (ii) a significantly larger peak at the 
къ energy is measured; (iii) an extra broad peak between +0.3 eV and +1.1 eV is 
found; and (iv) the broad maximum in the empty states at +1.5 eV is shifted to larger 
energies. 
From the large peak at the 7Гь energy it is concluded that the dimer bond is not 
changed with respect to spectra of the Mg pinned Si surface. The states which give 
rise to the broad peak between +0.3 eV and +1.1 eV are most likely the shifted π„ 
states. The shift is believed to be caused by a charge transfer from Mg to the empty 
states, as Mg likes to donate charge. The states between +0.3 eV and +1.1 eV also 
account for sharp local states observed in Fig. 3.5 b and с between the dimer rows. 
The absence of extra filled states at energies below —0.8 eV is believed to be caused 
by the different way the Mg atom is present on the surface, not like a single atom but 
coupled by the Si(100) surface to other Mg atoms. This could also accounts for the 
shift in energy for the broad empty state peak at +1.5 eV. 
Calculations performed by M. Heinemann [40] to confirm the observed line seg­
ments in the topography and the peaks in the STS curves. Such calculations were 
already successful in determining the atomic positions of the Mg atoms. However, 
no electronic states extending over several dimer rows between two Mg atoms and 
perpendicular to the Si dimer rows have been found. On the other hand, electronic 
50 M g on Si(lOO) 2 x 1 
states between the Mg atom and the Si dimer directly underneath this Mg atom do 
show up. 
3.5 Summary and conclusions 
The cleaning of Si(100) 2x1 surfaces is reviewed and the results obtained for differ­
ent methods are discussed. On these clean substrates thin layers of Mg have been 
deposited and subsequently studied using scanning tunneling microscopy as well as 
scanning tunneling spectroscopy. 
The growth of Mg on Si(100) 2x1 surfaces was shown to be not well defined. A 
coverage of half a monolayer Mg resulted in disordered films, and depositing even 
more Mg led to rough films and to the formation of grains. In the sub-monolayer 
regime the STM images showed protrusions which were ascribed to single Mg atoms. 
Upon further deposition the Mg atoms tend to line up in strings perpendicular to the 
dimer rows. Although many elements are shown to grow in rows perpendicular to the 
Si dimer rows, none of them displayed the large separation between the atoms and 
the connecting line segments as observed upon Mg deposition. The apparent position 
of the Mg atoms in the STM images changed as a function of the bias voltage, but 
at large positive as well as negative bias voltages the observed position is the same, 
in which case the atoms are positioned directly on top of the dimer. This in good 
agreement with the calculated positions of the Mg atom on the Si(100) 2x1 in a Car-
Parrinello type of scheme performed by Heinemann [40]. 
The result of the STS measurements showed strong differences in the details of 
the studied surface. On the clean low defect Si(100) 2x1 surface the spectroscopy 
appeared to be difficult as the Fermi level was not pinned. In this case the energy 
scale will not be well defined. By introducing many more defects (« 15%) on the 
Si(100) reconstructed surface the Fermi level could be pinned and similar results 
were obtained as reported by Hamers et al. [44] and Boland [37]. A sharp peak at 
Vj=—0.8 eV corresponding to the filled 7Гь bonding state of the dimer and a peak at 
Vj=+0.3 eV corresponding to the empty π
α
 anti-bonding state are observed in the 
spectra. The empty backbond state at V
s
=+1.2 eV was shown by local spectroscopy 
to be positioned in between the dimer rows and shows up strongly in the topography 
below V t=-1.0 V. 
The Fermi level could be pinned not only by defects, but also deposition of a small 
amount of Mg resulted in a fixed Fermi level. The peaks from the STS on the Mg 
pinned surface were shown to be shifted with respect to the defect pinned surface by 
as much as +0.2 ± 0.07 eV. This shift for sub-monolayer Mg coverages is opposite to 
the final shift reported by van Buuren et al. [8] for larger Mg coverages. A possible 
explanation for our shift may be that the Mg induced extra surface states below the 
Fermi level, resulting in a shift of the Fermi level. At larger coverages the metallic 
character of the Mg may shift the Fermi level in the opposite direction. 
The spectra obtained on the Mg atoms showed indeed extra states below the Fermi 
References 51 
level, which supports our explanation for the shift of the Fermi level. In addition a 
broad peak is observed in the empty state part of the spectrum with a maximum at 
+1.5 eV, most likely the empty state part of the Mg electronic structure. The spectra 
obtained above the Mg induced line structures show completely different curves. In 
these spectra the filled n¡, bonding state of the dimer is still present indicating that 
the dimer bond is not changed. However, the π
α
 anti-bonding state is shifted towards 
larger energies, most likely due to a charge transfer of the Mg to the Si. These last 
states show up strongly localized between Vt—0 and —1.5 V in the voltage dependent 
images between the dimer rows. 
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Chapter 4 
The clean Cu(lOO) and the 
Си(100)(ч/2 χ 2л/2)І1450-0 
reconstruction 
This chapter will describe the preparation of a clean Cu(100) single crystal. This 
copper crystal has also been used for the surface alloying study of Mn on Cu(100) 
and the growth of Cr on Cu(lOO), see chapter 5 and 6. Following the preparation 
the results obtained on both the clean and the oxygen covered Cu(100) surface will 
be presented. Upon oxygen absorption the Cu(100) surface forms a (\/2 x 2-\/2) 
R45°-0 reconstruction. The results on this surface suggest that Scanning Tunneling 
Microscopy can be sensitive to the direction of the bonding, depending on the state 
of the tip. 
4.1 Introduction 
For the study of thin magnetic films or even free standing monolayers the noble metals 
are good candidates for substrates because of their filled d bands. But this very char­
acteristic creates metallurgical problems: their lower surface free energies (compared 
to that of magnetic elements) can provide thermodynamic driving forces for surface 
segregation, intermixing, incomplete wetting, etc. However, copper is a readily avail­
able substrate and its lattice constant is close to that of fee Ni, Fe and Co. Therefore, 
using copper substrates provides the opportunity to determine the relations between 
film properties (like structure, morphology and growth modes) and magnetic proper­
ties (like increased magnetic moments and out-of-plane anisotropy). 
The structures formed by oxygen adsorption on Cu(100) have been widely studied 
over the past 25 years. These studies have focussed on the surface reconstruction, 
53 
54 Cu(lOO) and Cu(100)-O reconstruction 
the amount of oxygen on the surface and the Cu-0 bonding [1-8]. It has been estab­
lished that the (\/2 χ 2л/2) R45° reconstruction is the stable structure of oxygen on 
Cu(100) [3,4], but there has been and still is some debate about a possible c(2x2) 
reconstruction [1,2] as well as the occurrence of an unreconstructed chemisorption 
state [8]. The (y/2 χ 2-\/2) R45° reconstruction is fully developed at an oxygen cov­
erage of 0.5 monolayer [2], and has Cu-0 chains and missing rows of Cu-atoms in 
the (100) directions. The model for this structure is shown in Fig. 4.6. Also on the 
Cu(110)-O surface a missing row model with Cu-0 chains is found for the surface 
reconstruction [9,10]. However, Coulman et al. [11] in their STM study showed that 
this 'missing-row' for Cu(110)-O is actually an 'added-row' reconstruction which de­
pending on the bias voltage can change from an added-row to a missing-row. This 
is confirmed by the disappearance of Cu along the step edges upon the formation of 
the oxygen reconstruction. The same principle is used by Jensen et al. [6] in his STM 
study and they show that 25 % of the Cu atoms are forced out of the surface, forming 
islands of Cu elsewhere. This proves the existence of a missing row type structure in 
the case of Cu(100)-O. In their highly resolved STM images they explain the observed 
two bright spots in the unit mesh, as the anti-bonding state of the Cu-O-Cu bonds. 
Another STM study on Cu(100)-O has been undertaken by Wöll et al. [5] who shows 
that the paired atomic rows visible in his images can be associated with the Cu-atoms 
on either side of the missing row. 
The driving force for the row reconstruction on the (110) surface of Cu seems to 
be the formation of O-Cu bonds along the (100) chains. Also in the case of Cu(100) 
the formation of Cu-0 chains is believed to be the driving force for the reconstruction. 
The theoretical study of Jacobsen en N0rskov [10] shows an energy gain due to the 
Cu-0 bonding of 1.1 eV per О atom on reconstruction. They explain this by a reduc­
tion of the coordination number for the surface Cu-atoms due to the reconstruction. 
This then raises the energy of their Cu 3d levels and thereby decreases the occupancy 
of the Cu-0 antibonding levels. 
4.2 Sample preparation 
This section will describe the preparation of the Cu(100) single crystal used for the 
different studies presented in this thesis. The complete cleaning procedure and the 
flattening of the copper crystal in the UHV was carried out in approximately two 
weeks. The Cu(100) substrate for the STM study was cut with a spark cutter from 
a large copper single crystal to be 7 mm χ 6 mm χ 1 mm. This large copper crystal 
was annealed for five days at 1300 К in a pressure of 1 0 - 4 mbar of air. This has been 
done for other studies [12] on copper, to obtain a large electron mean free path by 
gathering the impurities in the crystal into small crystallites. The small crystallites 
could be observed as red particles in the sample surface. The orientation of the crystal 
was checked by X-ray diffraction and had a miscut of less than 0.5°. The Cu(100) 
crystal was mechanically polished and mounted on a molybdenum sample holder prior 
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to loading in the vacuum. Copper foil is used as a spacer between the Mo springs 
clamping the Cu(100) surface. Repeated cycles of argon ion bombardment (600 eV 
at 620 K, 10 μΑ, 6 1 0 - 5 mbar) and annealing to 1000 К was needed to obtain clean 
substrates with large flat terraces [13,14]. The final step in the cleaning procedure 
was always ion bombardment (600 eV at 620 K) followed by the radiative cooling 
of the substrate from 620 K. This last step was sufficient to anneal out any surface 
damage, as will be shown in the next section. 
For the study of the oxygen induced reconstruction of the Cu(100) surface, the 
sample was not allowed to cool down immediately but was first annealed to 980 K. 
This resulted in a large oxygen content of the surface. AES detected an oxygen level 
of иб at.%, which would correspond to approximately 40-50 % ML if we assume all 
the oxygen to be present at the sample surface. 
200 400 600 800 1000 
Energy (eV) 
Figure 4.1: The AES spectra measured on the copper crystal. The lower spectra is mea­
sured just after introduction of the sample in the UHV. The crystal is still contaminated 
with carbon, chlorine, sulfur, oxygen and nitrogen. The top curve is taken after cleaning 
the Cu(100) surface, showing no contaminants. The small arrows indicate some diffraction 
peaks. 
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Figure 4.2: 1.5 μπι χ 1.5 μπι χ 9 nm STM image of the clean Cu(lOO) surface. Note 
that the z-scale in the image is exaggerated to show clearly the step structure, but that 
the surface is actually very flat. The images show step bunches, monoatomic steps and 
dislocations. (h= 100 pA and Vt= 100 mV) The image has been filtered with a median 
filter and one scanline is removed, (b) 4.0 nm χ 4.6 nm χ 0.07 nm STM image displaying 
atomic resolution on the Cu(100) surface. Note that some drift is still present. (h= 840 pA 
and Vt= 110 mV). 
4.3 Results and discussion 
The STM results for clean and oxygen covered Cu(100) will be presented in conjunc­
tion with the AES and LEED data. The clean copper surface is described in detail 
as much of the work presented in this thesis has been conducted on this substrate. In 
addition the results on Cu(100)-O are discussed. Firstly the surface features, such as 
steps, holes and domains, visible on a large spatial scale will be presented. Secondly 
we will focus on the high resolution images of the Cu-0 surface. These show large 
differences between the different domains and additionally between some of the con­
secutive images. To account for these differences, a model is presented which ascribes 
the observed effects to the influence of the tip state on the STM image. 
4.3.1 Clean Cu(100) surface 
The cleaned Cu(100) substrate showed well defined ( l x l ) LEED spots and had a con­
tamination level below the AES detection limit (see Fig. 4.1). However small broad 
peaks are observed in the Auger spectrum in the range of 100-300 eV, which could not 
be assigned to any Auger transition [15-17]. These small broad peaks are indicated 
in Fig. 4.1 by the small arrows. Such peaks have already been observed on Ni(100) by 
Becker and Hagstrum [15] and are associated to a diffraction process at the sample 
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Figure 4.3: A 14 nm χ 14 nm χ 0.26 nm STM image with It= 100 pA and Vt= 90 mV. 
a) A three dimensional representation of a highly resolved image of a Cu(100)-O step edge. 
b) The grey scale equivalent of the same image. The ragged edges visible in the image could 
indicate moving ad-atoms along the step edge. The step however does not move. The short 
side of the unit mesh is always observed to form the step edge. 
surface. Becker and Hagstrum showed for Ni(100) that heating the sample resulted in 
a reduction of the peak intensities, our Cu(100) crystal exhibited the same behaviour. 
These peaks also changed upon tilting the Cu(100) crystal, and are indicative for the 
high crystallinity of the sample. 
The process of cleaning by sputtering and subsequent annealing could be followed 
by STM. The surface changed from a rough surface with many small clusters and 
grooves from the polishing, to a surface with small flat terraces pinned by residual 
contaminants. The scratches from the polishing disappear gradually as do the pin­
ning centra upon further treatment. The cleaned copper surface eventually displayed 
extensive terraces of «400 nm, separated by monoatomic steps or sometimes step 
bunches of twenty or more monoatomic steps separated by approximately 6 nm (see 
Fig. 4.2a). These steps are pinned by some larger residual impurities forming curved 
steps between them. No surface damage was observed on the copper surface after the 
radiative cooling from 620 K. The step and dislocations on the clean copper surface 
do not appear as straight edges but show up with a specific kind of micro roughness. 
This is due to the high mobility of kinks along the step edges [18], making the step 
edges move between consecutive scan lines, thus showing up as ragged edges. The 
images of the terraces however clearly exhibited the atomic structure of the copper 
with its interatomic spacings of 0.256 nm as is displayed in Fig. 4.2b. 
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Figure 4.4: (a) 290 nm χ 290 nm χ 0.92 nm, (b) 114 nm χ 114 nm χ 0.22 nm , (c) 30 nm 
x 30 nm χ 0.30 nm and (d) 17.5 nm χ 17.5 nm χ 0.20 nm all imaged with 7 t=230 pA and 
Vf = 120 mV. Consecutive enlarging of a misfit dislocation observed on the Cu-0 reconstructed 
surface. In (d) the atomic arrangement of the step and dislocation is clearly resolved. The 
step edges are straight and run always in the [010] and [001] directions. 
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4.3.2 Cu(100) {у/2 х2л/2) R45°-0 reconstruction 
The LEED pattern after annealing the clean copper sample showed a (л/2 χ 2\/2)R450 
symmetry of the oxygen reconstructed surface. This Cu(100)-O reconstruction has 
two 90° rotated domains which were both clearly seen in the LEED pattern. The 
model for this reconstruction is depicted in Fig. 4.6. The STM images of the Cu(100)-
0 surface also shows a completely reconstructed surface with a (\/2 χ 2\/2) R45° 
unit cell mesh, present in two different domains (see Fig. 4.3 or 4.5). This is in good 
agreement with the LEED data, and supported by the AES measurements which 
shows an oxygen content of the surface close to 0.5 ML, the amount needed for a 
complete (л/2 χ 2л/2) R45° reconstructed surface. 
The step structures of the Cu(100)-O surface are very different from the clean 
copper surface. The STM images showed clear and straight steps (Fig. 4.3 and 4.4) 
in contrast to clean Cu(100) where the steps appear concave and ragged due to the 
high mobility of kinks. In Fig. 4.4 a dislocation on the Cu(100)-O is clearly visible. 
Dislocations have been imaged on the clean Cu(100) surface as well, and can be seen 
in Fig. 4.2. Subsequent zooming on the dislocation shows the typical terrace size, the 
atomically sharp steps and the Cu(100)-O reconstruction. Although the steps appear 
very straight and run in the [010] and [001] directions, the ragged step edge could still 
indicate a high mobility of ad-atoms along the edge. The step itself was not observed 
to move in contrast to the case of the clean Cu(100) where steps and dislocation are 
observed to move. Another possibility for the ragged steps could be an instability of 
the tunnel current close to the step. The short side of the unit mesh of Cu(100)-O 
reconstruction always formed the step edge, thus with the missing rows parallel to 
the step edge. 
On a large scale the surface is covered with small holes of approximately 0.06 nm 
depth. These small holes are most likely due to an incomplete oxidation as AES data 
did not show other contaminants on the surface. The depth of the holes is smaller 
than an atomic step of Cu (0.18 nm) and can therefore better be explained by the 
absence of the Cu-O reconstruction. 
In all the STM images on Cu(100)-O two different domains can be seen ranging 
in size from 1 unit mesh (0.36 nm) to approximately 10 nm. The area covered by the 
different domains is about equal, as is their distribution. The different domains will 
be referred to as type A and type В domains. The unit meshes of both domains are 
90° rotated with respect to each other, as expected. Additionally consecutive STM 
images show a dynamical process, namely the domains changing size and shape (see 
Fig. 4.5). In this image a surface unit cell size part of a type A domain appeared as 
a type В domain in the next image taken 2 minutes apart. This process has been 
observed in most of the images on the Cu(100)-O. The change from domain type A 
to В can be easily explained by changing the position of the paired Cu-atoms to the 
empty four fold hollow site in the missing row. This has been indicated in Fig. 4.6 
(a) by the bold arrows. The activation energy for this process must therefore be low 
enough to be observed at room temperature. This activation energy can be calculated 
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Figure 4.5: (a) 9.7 nm x 9.7 nm x 0.10 nm, (b) 14.8 nm x 14.8 nm χ 0.06 nm STM images 
with It= 100 pA and Vt= 90 mV. Two consecutive images of the same piece of surface, note 
the different sizes. Close inspection shows several changes of a unit mesh size part from 
domain type A to B. The arrows point to the differences between (a) and (b). 
from the observations of Fig. 4.5. Disregarding higher-order terms, the rate for the 
domain change of an unit cell size domain should fit to an Arrhenius form [19] 
v{T) = щ exp(-AE/kbT) (4.1) 
i/o is the attempt frequency and is typically taken as 101 3 s - 1 , AE is the activation 
energy and the value for кьТ at 300 К is 25.8 meV. v(T) can be calculated from the 
image and equals AN/(N At) with N the number of unit cells in the image, Δί the 
time interval between the images and AN the number of observed changes. Filling 
in the numbers taken from Fig. 4.5 v{T) = 8/(144 · 171) s = 3.2 Ю - 4 s - 1 , we get an 
estimated value for the activation energy AE of 0.97 ± 0.05 eV. 
Close inspection of the high resolution STM images led to the observation of sig­
nificant differences upon rotation of one domain to the other. This can be seen for 
instance in Fig. 4.3 and 4.6. The lower resolution images do not exhibit this be­
haviour, but show the same type of images as observed by Woll et al. [5] and Jensen 
et al. [6]. Besides the differences on an atomic scale upon rotation of the domains, 
large variations can also be seen in consecutive high resolution STM images, two type 
of images are shown in Fig. 4.6 (b) and (c). Each type has been imaged several times. 
The change from one type to the other was very abrupt and therefore a tip change is 
the most plausible explanation. 
The variations in the images are not only to be ascribed to a difference in reso-
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lution, as the number of visible protrusions also changed. In Fig. 4.6 (b) domain A 
has 1 atom per unit mesh and type В domain has two atoms per unit mesh. On the 
other hand in Fig. 4.6 (c) domain A has again one bright feature, but additionally two 
slightly darker ones, and domain В has three bright features per unit mesh. Before 
discussing these observations, it has to be remarked that two different domains are 
always visible in all images of the Cu(100) (y/2 χ 2\/2) R45° surface. In addition 
these domains are always oriented in the same direction with respect to the substrate. 
Rotating the scan direction therefore did not change the appearance of the domains. 
Besides these points we state that this type of images can not be caused by a change 
in bias voltage, as observed for Cu(110)-O [11], because in our case the tunnel pa­
rameters are the same for both images. 
At first sight, a plausible explanation is that a second structure for the Cu(100)-O 
might occur. The different STM image is then taken on another part of the surface, 
with such an alternative structure. Such a second structure should contain the same 
unit mesh, the same oxygen content as well as two domains rotated by 90°. Further­
more, as the Cu(100) surface is symmetric and does not have a large miscut, it is 
reasonable to expect that both of the structures and domains are equal in size and 
present all over the surface, so can be viewed at the same time by STM. In fact, the 
STM observations show only two domains and therefore the proposed explanation of 
two reconstructions becomes unacceptable. Additionally, considering the symmetry 
of the Cu(100) surface, the observation of two domains equal in size and distribution 
all over the surface and the observation of a dynamic change in domain type, leads to 
the conclusion that the entire surface has to consist of one Cu(100)-O structure with 
two domains. Therefore the possibility of a second structures for the reconstruction 
is rejected. 
For comparing our model with the STM images, Fig. 4.6 (a) has been constructed. 
The middle panel of this figure shows the model now widely accepted as the surface 
reconstruction of Cu(100)-O [3,5,6,10], with the small arrows across the missing rows 
indicating the pairing of the Cu-atoms. The three bright features in domain В per 
unit mesh and one in domain A of Fig. 4.6 (c) as well as the one in domain A of 
Fig. 4.6 (b), makes it difficult to explain the observed features by oxygen atoms or 
the Cu-O-Cu bond, as Wöll et al. [5] and Jensen et al. [6] do. In their case two bright 
features per unit mesh would be expected. As these are not observed, we believe 
the bright features correspond to the Cu-atoms. This has been implemented in the 
schematic drawing of Fig. 4.6, by placing the Cu-atoms at the position of the bright 
features and omitting the unobserved atoms. This is shown in the left and right panel 
of Fig. 4.6 (a). 
Tip effects are the only explanation for sudden changes in the appearance of STM 
images, therefore any model which attempt to describe the observed structures must 
take these effects into account. With an ordinary double tip effect we were not able 
to construct the observed images from the 'real' surface. One possible explanation, 
which enabled us to construct the above described effects as shown in Fig. 4.6, is 
assuming a tip which is sensitive to the direction of the bonding. Although this possi-
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Figure 4.6: The middle panel of (a) shows the missing row model with two different domains 
A and B. The rectangles show the unit cell in the domains. The black circles are the oxygen 
atoms, the white circles are the top layer Cu atoms while the light grey circles represent 
the second Cu layer. The left and right panel show sketches derived from the model and 
STM images with the light grey circles the second Cu layer. The rods between the atoms of 
domain В are drawn in to show the pairing. The small arrows in the middle panel indicate 
the pairing of the Cu atoms across the missing row. The large arrows show a possible change 
in domain type, (b) and (c) are high resolution images shown for comparison. (4.1 nm χ 
4.1 nm χ 0.05 nm; It= 100 pA and Vt= 100 mV). In both images some drift is apparent. 
The bold arrows in (a) indicate the change from type A domain to type B. 
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bility is not immediately obvious, this assumption enables us to explain the observed 
STM images, as will be shown below. Such a directional effect is possible -it has 
been shown theoretically [20] and experimentally [21] that the tip state has a large 
influence on the observed corrugation and can even result in selective observation of 
chemical elements. This is due to the fact that the tunneling probability depends on 
the overlap of wavefunctions of sample and tip. So, for particular wavefunctions of 
the tip a directional effect may be possible. 
To obtain the actual STM images from the Cu-0 model, an assumption had to 
be made for the sensitivity of the tip in each case. In the first case the tip is taken 
sensitive for the left-right bonding of the Cu-0 bond, in the second case it is taken sen­
sitive not only for the left-right bonding but to a lesser extend also for the top-bottom 
bonding. 
a) A tip sensitive to the Cu-atoms with left-right bonding to O-atoms leads to 
the sketch drawn in the left panel. This means that in domain A only the 
center Cu-atoms are imaged and that in domain В the pair of Cu-atoms across 
the missing row are visible. In the STM image this pairing manifests itself 
as a shorter distance between the protrusions. A tip sensitive to top-bottom 
bonding just interchanges the domains. 
b) The right panel can be explained by imaging the left-right bonding, but 
besides that also imaging the top-bottom bond. This last bond is, however, 
imaged with less intensity. Therefore, in a type A domain one bright and two 
shallow features are observed in the unit mesh. While for a type В domain 
two bright and one shallow feature is observed, see Fig. 4.6a. 
Although in the above picture the sensitivity is described in terms of bonding for 
simplicity, this can be transformed to wavefunction overlaps and tunneling matrix 
elements. To obtain a better understanding of the processes involved in the tunnel­
ing on Cu(100) {\/2 χ 2\/2) R45°-0 reconstruction a local density of states (LDOS) 
calculation would be necessary to see if there are variations in the LDOS for the dif­
ferent positions on the surface. Even more informative would be the calculation of 
the combined system, taking tip and sample as one entity. 
4.4 Summary and conclusions 
The clean Cu(100) surface is shown to be well ordered, to have no contaminants and 
to exhibit a high degree of crystallinity, reflected in the observation of diffraction 
peaks in the AES. The STM images show large terraces and atomic resolution on 
the terraces. The ragged Cu(100) steps can be ascribed to diffusion of kinks. The 
oxidized copper surface displayed a {y/2 χ 2\/2) R45° reconstruction, consisting of 
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two clearly distinctive domains. The different domains cover approximately an equal 
area and have approximately the same size distribution ranging from 1 unit cell to 
10 nm. The domains are observed to change shape between consecutive images. This 
can be explained by moving the two Cu-atoms paired across the missing-row to the 
empty four fold hollow site of the missing row, thereby forming the other domain 
type. The activation energy for the transformation to the other domain type has 
been determined from the STM observations, AE = 0.97 ± 0.05 eV. The steps on the 
surface are straight, run in the [010] and [001] directions, and although the ragged 
steps indicate a high ad-atom mobility along the steps the steps are not observed to 
move. The short side of the Cu(100)-O unit mesh always formed the step edge, with 
the missing rows parallel to the step edge. The small holes in the STM images are most 
likely incomplete oxidation of the surface. The two domains in high resolution STM 
images are not equal upon rotation of one domain to the other. It can be concluded 
that the STM must image the domains differently. One possible explanation for 
this observation, is to assume that two different structures for the reconstruction are 
possible. But this is demonstrated to disagree with some of the observations. The 
bright features displayed in the STM images are ascribed to the Cu-atoms. A model 
is presented which explains the differences exhibited by the STM results. This model 
assumes, that the tip is sensitive for the in-plane bonding of the Cu-atoms this leads 
to differences in the tunneling current for left-right bonding and top-bottom bonding. 
LDOS calculation would be very helpful in evaluating this model. In conclusion, the 
results show that the state of the STM tip may not only alter the corrugation of the 
images or can show chemical sensitivity, but that the tip state can also completely 
alter the appearance of the STM images. 
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Chapter 5 
Growth of M n on Cu(100); 
two ordered surface alloys 
In this chapter the results of a STM study on the formation of two ordered surface 
alloys of Mn and Cu are presented. The first studied surface-alloy is formed upon 
depositing Mn on Cu(100) and has the c(2x2) structure. The second alloy had the 
p2gg(4x2) structure and was found after deposition of more than 1 monolayer (ML) 
Mn above 350 K. On both ordered surface alloys a large surface corrugation was 
observed. In the last section of this chapter the origin of the observed large corrugation 
will be considered. 
5.1 Introduction 
Intermixing can lead to the formation of ordered surface alloys [1] as has been reported 
before for Au/Cu(100) [2], Pd/Cu(100) [3,4] and Mn/Cu(100) [5-8]. Even elements 
which are immiscible in the bulk have been found to form stable two-dimensional 
mixtures at the free surface [9]. 
The growth of Mn thin films on Cu(100) has been shown to have a complex phase 
diagram [5]. Upon deposition below 270 K, Mn starts to grow in monolayer high 
islands with a c(8x2) structure. After deposition of 0.875 ML of Mn the first layer is 
completed. However a further layer-by-layer growth is prevented by the high strain in 
the Mn films, leading to a pronounced increase in disorder and to a c(12x8) structure 
above 1.5 ML of Mn. A monolayer equivalent is defined as the atomic concentration of 
1.53 · 1015 atoms/cm2, which corresponds to the atomic concentration of the Cu(100) 
surface. As the interatomic distance of Mn in this case is different from that of Cu, 
one ML is not the same as one layer. 
Mn films above 270 К show different superstructures. There is a significant incor­
poration of Mn into the surface and a c(2x2) structure is formed. After deposition 
67 
68 Mn on Cu(lOO) 
of 0.5 ML of Mn the first layer of this alloy is completed. By depositing 1 ML of 
Mn above 350 К a different surface alloy is formed. We will argue that this is not 
the p4mg(4x2) as determined in a previous study [5], but that it has the p2gg(4x2) 
structure. 
The direct motivation for investigating the c(2x2) MnCu alloy is the possible oc­
currence of a magnetic monolayer at room temperature [6]. Such a magnetic layer 
can be of important for the development of a magnetically sensitive STM [10-12]. An 
other argument for studying this system is the predicted large buckling, which can be 
easily identified by STM. The alloy with the p2gg(4x2) structure is interesting from a 
structural point of view and the complexity of the structure makes calculations based 
on only LEED measurements very difficult [5]. Therefore we have carried out STM 
measurements on this structure to obtain real space information on this surface alloy. 
As a result of these measurements a model is presented that is consistent with LEED 
and STM observations. 
For Mn on Cu(100) it has been shown that the c(2x2) surface alloy has an unusually 
large corrugation [6], which can be attributed to a buckling of the surface due to the 
ferromagnetic moment of the Mn atoms. The corrugation of this MnCu alloy has been 
estimated from LEED to be 0.03 nm, which is an order of magnitude larger than of a 
similar surface-alloy CuPd (0.002 nm). However this result is contradictory with the 
STM measurements of Noh et al. [7] who observe a similar corrugation on MnCu as 
on PdCu of 0.012 nm. Moreover, no island formation was reported from which they 
concluded that the Mn atoms form an overlayer and do not displace the Cu substrate 
atoms upon arrival until it reaches an critical coverage and then it forms the c(2x2) 
MnCu surface alloy. This is different from the case of AuCu [2] and PdCu [7] where 
arriving atoms replace the Cu substrate atoms and subsequently form Cu ad-atoms 
leading to the observation of Cu islands. Furthermore, Flores et al. [5] observe a 
sharpening of the c(2x2) LEED spots after annealing, which they concluded to be 
caused by a reduction of the step density. We will argue that this reduction is due 
to the disappearance of islands during the annealing procedure. The discrepancy 
mentioned for the corrugation as determined by LEED or STM, can be explained by 
the fact that LEED probes the ion cores and STM the electronic surface. 
5.2 Sample preparation 
For this study of Mn on Cu(100) the same substrate and preparation method is used 
as described in section 4.2. After cleaning the copper substrate was allowed to cool 
down to the desired temperatures for film growth namely 300 К in case of the c(2x2) 
structure and approximately 370 К for the p2gg(4x2) structure. To remove the thick 
oxide present on the manganese flakes (99,999% pure), they were etched (10 % HCl in 
ethanol) prior to loading in the AI2O3 crucible of the Knudsen-cell. To obtain a low 
pressure during film growth the manganese was additionally extensively outgassed 
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Figure 5.1: AES intensity of Cu (60 eV) and Mn (40 eV) as a function of the Μη deposition 
time (AES-t) at a substrate temperature of 300 K. The signals have been normalized the 
Cu(60 eV) signal of the clean surface. Clear breakpoints can be observed for the Cu signal 
at 0.5 ML and 1.5 ML coverage. 
before evaporation. The manganese was evaporated from the Knudsen cell at 998 К 
with a background pressure of 2 - 3 1 0 - 1 0 mbar, due to mainly H2 and CO. During 
the evaporation the Knudsen-cell temperature was held constant to within ±0.5 K, 
providing a reproducible deposition rate of 0.07 ML/min, calibrated from the island 
coverage measured by STM and in good agreement with the rate calculated from the 
AES measurement. 
5.3 Results and discussion 
5.3.1 AES and LEED observations 
For the AES measurement the Auger signal intensities of Cu(60 eV) and Mn(40 eV) 
were measured as a function of deposition time (AES-t) [13] at a substrate tem­
perature of 300 K. For this study AES was performed after each subsequent short 
deposition period of Mn, see section 2.5. The collected data is displayed in Fig. 5.1. 
Both signals have been divided by the Cu(60 eV) signal of the clean surface and the 
Mn(40 eV) signal has additionally been corrected for the small Cu(40 eV) peak in the 
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Figure 5.2: Photograph of the LEED screen representing an image of the LEED pattern 
observed for the p2gg(4x2) structure at 140 eV and normal incidence. The right figure 
represents the observed LEED pattern, the black spots are the (n, m)-spots of the Cu(100) 
surface. The grey circles the (n/2, m/2) half order spots of the c(2x2), the open circles 
are the extra spots observed for the p2gg(4x2) structure, and the crosses are the missing 
spots only observed at off-normal incidence. The two rectangles show the (4x2) and (2x4) 
unit-cells in reciprocal space. 
Auger spectrum of the clean Cu. The result of this measurement are in agreement 
with the studies by Flores et al. [5] and Binns and Norris [14]. Linear segments with 
breakpoints are observed for the Cu(60 eV) signal at coverages of 0.5 ML Mn and 
1.5 ML Mn, while less clear breakpoints were observed for the Mn(40 eV) signal. 
The LEED pattern of clean Cu(100) showed sharp (n,m)-spots with η and m 
integers. This changed after deposition of more than 0.5 ML of Mn at 300 K. The 
LEED pattern then showed additionally the half order (n/2,m/2)-spots and can be 
ascribed (in the Wood notation) to the (\/2 χ \/2)R450 structure. The surface unit-
cell of such a structure is centered and two times larger than the substrate unit-cell 
and, therefore, often referred to as the c(2x2) structure. 
The observed LEED pattern after depositing approximately 1 ML of Mn on the 
clean Cu(100) at 370 К is shown in Fig. 5.2. It is similar to the pattern presented 
by Flores et al. [5] which was erroneously labeled p2mg(4x2). The symmetry exists 
in two perpendicular domain orientations producing LEED reflections at (n/2, m/4) 
and (n/4,m/2), where η and m are integers. For normal incidence the (0,n/4) and 
(n/4,0) reflections disappear for odd η for all energies, while they become visible 
upon rotation of less than 5° around the [001] direction. This is characteristic for 
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glide planes [15,16] in the [Oil] and [Oil] directions. LEED experiments on single 
domain surfaces, grown on stepped Cu substrates, have also shown two perpendicular 
glide planes [17]. These LEED observations leave us with two possible symmetries 
which have a rectangular unit-cell and two perpendicular glide planes, namely cmm2 
and p2gg. However, in the STM images there are no mirror planes evident so we con­
clude that the p2gg(4x2) is the most applicable structure for this LEED pattern and 
the symmetry observed by STM. Therefore we propose that the structure found for 
these films is not the p2mg(4x2) as has been suggested in Ref. [5], but a p2gg(4x2). 
5.3.2 Growth and structure of the c(2x2) MnCu surface-alloy 
After deposition the surface is covered with monolayer high islands (0.181 nm high), 
see Fig. 5.3a and 5.4a. No islands are found on the upper and lower terrace near 
substrate steps, but we do observe growth nucleating at the steps on the lower terrace 
(Fig. 5.4a). This is because the ad-atoms can step down from the upper terraces, and 
are subsequently incorporated at the step edge. The steps act as a sink for ad-atoms 
and interlayer mass transport is present. From this zone without islands one could in 
principle calculate a diffusion coefficient for the ad-atoms. 
After the deposition of 0.2 ML Mn the LEED displays a ( l x l ) pattern and the 
STM images of this film show a coverage of 20% islands. Both on and in between these 
islands the Cu lattice periodicity (see Fig. 5.3b) is observed. The islands are almost 
round and have a density of «850 μ π ι - 2 . This is in contrast to the observations of 
Noh et al. [7] who found no island formation. Annealing of our films at 350 К led to 
the disappearance of the islands. So to observe the islands it is necessary to deposit 
at room temperature (in our case 300 K) as a 50 К temperature rise already causes 
the Mn atoms to diffuse to the step edges. 
With increasing Mn coverage the islands become larger in size and the surface of 
both terraces and islands becomes more disordered with varying sizes and maxima. 
In-plane structural disorder cannot be concluded from the images as all maxima seem 
to be on the same mesh. In these regions of disorder we assign the higher features to 
a higher local concentration of Mn [7]. There are still ordered regions where a lattice 
structure can be seen but the regions of disorder become more extensive. The height 
difference between the disordered and ordered regions is quite large 0.03-0.05 nm, but 
not sufficiently high to be explained by ad-atoms. No c(2x2) ordering is found below 
a coverage of 0.5 ML Mn, only patches with a ( l x l ) structure and disordered areas 
are observed. 
The LEED-pattern shows additional c(2x2) reflections after deposition of more 
than 0.5 ML Mn at 300 K. Similarly to the low coverage regime the amount of Mn 
is determined from the percentage of surface covered with islands and the deposition 
time. Depositing more than 0.5 ML Mn results in the formation of a second alloyed 
layer as reported by Flores et al. [5]. The STM images (see Fig. 5.4) show rectan­
gular islands with a c(2x2) lattice structure. This structure is easily identified as 
the surface-alloy reported by Wuttig et al. [8] and has an unusually large corrugation 
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Figure 5.3: (a) 180 nm χ 180 nm χ 0.20 nm (Vt = 1.0 V, /t = 100 pA) image of the Cu(100) 
surface after deposition of «0.18 ML Mn at 300 K. Ad-atom islands are visible on the (100) 
surface, (b) 10.7 nm χ 10.7 nm χ 0.10 nm (Vt=20 mV, It = l nA) STM image taken on top 
of an island. The picture shows ordered regions and disordered regions. The ordered have 
a periodic structure with interatomic distance of 0.26 ± 0.01 nm. In the disordered regions 
there appear higher features, which we assign to a higher local concentration of Mn. The 
height of the islands is 0.181 ± 0.002 nm. 
(0.02-0.04 nm). In the c(2x2) surface-alloy unit cell only two atoms are observed 
instead of the expected four. We expect these two to be the manganese because 
dynamical LEED calculations [6] show a large outward buckling of the Mn in the 
surface-alloy This then results in 50 % Mn for the completely filled top layer, which 
compares well with the determined coverage and the observation of a break-point in 
the AES-t at 0.5 ML, for which one alloy layer is completed. The c(2x2) is clearly 
visible not only on the islands but also on the terrace in between the islands. Many 
films were examined to find a transition regime where the islands are already ordered 
and the terraces not, but this has never been observed. The similarity in the STM 
images between terraces and islands above and below a coverage of 0.5 ML Mn and 
the absence of c(2x2) ordered regions in the lower coverage regime, leads to the con­
clusion that the islands and terraces must be similar in stoichiometry. The islands 
and terraces are therefore a mixture of Mn and Cu. This can only be true if the 
arriving Mn atoms are incorporated in the surface by replacing copper surface atoms 
thus forming Cu ad-atoms. The surface is therefore covered with Cu islands (with 
Mn incorporated) which transform into MnCu c(2x2) at a Mn concentration of 50%. 
This replacement mechanism is also proposed for the formation of a CuAu alloy by 
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Figure 5.4: (a) 270 nm χ 270 nm χ 1.0 nm (Vt=500 mV, /,=500 pA); (b) 16 nm χ 16 
nm χ 0.33 nm (V(=20 mV, /t = 1.2 nA) image of the Cu(100) surface after deposition of 
«0.70 ML Mn at 300 K. Image (b) is rotated by 45° with respect to (a) and in (b) the color 
table has been changed to highlight the corrugation on the terrace and islands. The [001] 
and [010] directions are along the island edges. From (a) it can be concluded that the islands 
begin to coalesce. In (b) the c(2x2) reconstruction of the surface is clearly seen on both the 
terrace and the island. The arrow indicates a phase-boundary accompanied by a disordered 
transition region. 
Chambliss [2], but is in disagreement with the conclusion of Noh et al. [7]. 
Annealing a 0.6 ML Mn film with c(2x2) structure for 30 seconds to 350 К does 
not alter the observed morphology or structure, but there is a tendency to form larger 
islands at the expense of the smaller ones. This indicates that the structure has a high 
stability as calculated by Wuttig et al. [6]. Missing row type phase-boundaries are 
seen in the STM images and are sometimes accompanied by a disordered transition 
region (indicated by the arrow in Fig. 5.4b). The corrugation of the c(2x2) phase is 
between 0.02 and 0.04 nm. This is comparable to the calculated corrugation of Ref. [6] 
(0.024 nm), but very different from the corrugation found in Ref. [7] (0.012 nm). The 
large corrugation on these ordered alloys will be discussed more extensively in section 
5.3.4. 
The step edges all run in the [001] or [010] direction and show clear atomic resolu­
tion (Fig. 5.4b and 5.5). It is not clear why some of the steps of Fig. 5.4b are imaged 
disordered as also on this sample ordered step edges are present. The steps on the 
sample of Fig. 5.5 did not show such disorder. The corners of the islands are rounded 
and the height difference between the edge and the Mn atoms on the island is 0.050 
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Figure 5.5: 8.7 nm χ 8.7 nm χ 0.3 nm (V( = 150 mV, / (=750 pA) STM images of the c(2x2) 
surface alloy with a coverage of 0.84 ML Mn. (a) This image shows a step edge with large 
protrusions. These protrusions are approximately 0.05 nm high and move in consecutive 
images. The holes visible on the island also move in consecutive images. The faint area in 
the picture indicated by the arrows is formed by a few scanlines with less resolution due 
to a tip change. Image (b) shows an averaged line scan across the step edge. The line is 
averaged perpendicular to the step in the area indicated by the box in (a). The marked 
height difference is 0.050 ± 0.002 nm. 
± 0.002 nm (see Fig. 5.5b). Figure 5.5b shows an averaged line scan across the step 
edge. The line is averaged to show more clearly the mean corrugation perpendicular 
to the step in the area indicated in Fig. 5.5a. Figure 5.6 shows the structural model 
proposed for this c(2x2) step edge. The mean height difference between upper terrace 
and lower terrace is 0.181 ± 0.002 nm, the monoatomic step height of the Cu(100). 
Extrapolating the lattice structure of the lower terrace under the upper terrace, as 
shown in Fig. 5.6, leads to the conclusion that the atoms of the upper terrace are 
placed in the fourfold hollow sites of the lower terrace. This is the expected position 
for the atoms. The large protrusion at the step edge seen in Fig. 5.5a is represented 
by the oval in Fig. 5.6. These protrusions are observed to move along the steps on the 
time scale of 1 minute used for consecutive images. This movement is also observed 
for the holes in the c(2x2) structure on the island, and is a direct observation of 
the high diffusivity mentioned in Ref. [7]. The holes are either the replacement of a 
manganese atom by copper or the complete absence of a manganese atom. Although 
different depths of the holes are observed (0.04 nm and 0.08 nm), these cannot be 
definitely ascribed to one of these possibilities, since the influence of the tip size on 
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Figure 5.6: The proposed model for the step edge as can be seen in Fig. 5.5. The large 
grey oval represents the huge corrugation at the edge and is considered to be manganese. 
The position of this oval is determined from Fig. 5.5. 
the measured depth cannot be ruled out at this stage. 
5.3.3 Structure of the p 2 g g ( 4 x 2 ) M n C u surface alloy 
In section 5.3.1 the structure of the ordered surface-alloy formed by depositing ap­
proximately 1 ML Mn on the clean Cu(100) at 370 K, is ascribed to the p2gg(4x2) 
structure. In this section the STM result will be shown and two models presented 
and discussed. Figure 5.7 shows the atomically resolved STM images collected on 
this alloy. Figure 5.7a and b are measured on the same area with the same tunnel 
parameters and rotated by 15°, a few minutes from each other. A sudden tip change 
has altered the appearance of the image. The observed corrugation on these surfaces 
is 0.04 nm in Fig. 5.7a and 0.09 nm in Fig. 5.7b. Images like Fig. 5.7a have been 
imaged more often than views like Fig. 5.7b which have only been imaged twice. In 
both cases the (4x2) unit cell is clearly visible. The largest image showing the (4x2) 
unit cell was 16 nm χ 16 nm wide and did not show the rotated (2x4) domain. Ob­
taining high resolution images of the p2gg(4x2) structure appeared to be difficult. 
Again only 4 atoms (see Fig. 5.7a) per unit cell are apparent, while for a (100) sur­
face of Cu, a (4x2) cell has 8 atomic position available for a complete layer. We will 
assume the four observed atoms are manganese, similarly to the c(2x2) case, where 
only the Mn atoms are imaged by STM. However contrary to the c(2x2) case, this 
has not been confirmed by any calculation. Supporting evidence for this assumption 
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Figure 5.7: 6 nm χ 6 nm with (a) ¿=0.06 nm and (b) z=0.1nm (Vt=7 mV, / t = 1.2 nA) 
STM images of the p2gg(4x2) structures. The (4x2) unit cell is clearly visible and indicated 
by the white rectangles, d and a have been marked in the figure, (b) the same area as (a) 
a few minutes later after a tip change and rotated by 15°. The (4x2) structure is more 
pronounced in (b). 
is that the p2gg phase is only observed above 1 ML Mn and preceding this a c(2x2) 
alloy is formed which has the equivalent of 0.5 ML Mn. This leaves at least 0.5 ML 
Mn for the p2gg alloy. The observed four atoms in the unit cell will lead to a stoi-
chiometry of 50% Mn and 50% Cu for a completely filled top layer. A confirmation 
for this high copper content is given by the relatively high Cu and low Mn Auger 
signal, comparable to that for the c(2x2) case. 
In the p2gg 2D space group the atoms are placed at: (x, y), (—x, —y), (1/2+x, 1/2— 
y) and (1/2 — x, 1/2 + y). The basic units here are 2o in the [0Ï1] z-direction and 4a 
in the [011] y-direction, with a=0.256 nm, the Cu interatomic spacing. The positions 
of (x,y) are calculated from the STM images by defining the angle a=tan(4ay/2ax) 
and the distance d= 2-^/(2ax)2 + (4ay)2, indicated in Fig. 5.7a. The values of α and 
d for the manganese are derived from Fig. 5.7a: 
α=55 ± 5°, 
d=0.36 ± 0.02 nm. 
Within our model there must be a second alloyed layer because 1 ML of Mn has to be 
deposited for the alloy to form, for the alloyed top layer only 0.5 ML Mn is needed. 
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Figure 5.8: Structural model for the p2gg(4x2) ordered surface alloy with 25% Cu in the 
top layer. The drawing shows the two topmost layers of the model. For the second layer the 
c(2x2) structure has been taken. The dashed lines are the four glide planes in the unit cell 
and the line segments indicate the symmetry between the (x,y) and ( — x, —y) atom of the 
p2gg structure. 
Another arguments comes from the experiment of Flores et al. [5]. Their deposition 
of 0.75 ML Mn at 200 К on top of a c(2x2) MnCu alloy only resulted in a p2gg 
structure after annealing to 375 K, with an increase in the Cu signal. This shows that 
at least 2 alloyed layers are present. We believe the unaltered c(2x2) alloy structure 
is the most plausible for a second alloyed layer. This is based on the observation of 
more intense (1/2,1/2) order spots over a wide energy range in the LEED pattern and 
is further supported by the results in Ref. [5] of a c(2x2) structure at lower coverages 
than 1 ML and the formation of a c(2x2) structure after annealing the p2gg structure. 
Another possibility for the second layer would be a mirrored p2gg structure. 
As the STM cannot discriminate between the two models we choose the c(2x2). 
This assumption could be verified by e.g. full dynamical LEED calculations. Preserv­
ing the overall p2gg symmetry of the film with a c(2x2) second layer is only possible 
in two ways. This will be with the Mn on the positions (1/4,1/8), (3/4,3/8), (1/4,5/8) 
and (3/4,7/8) and the Cu: (3/4,1/8), (1/4,3/8), (3/4,5/8) and (1/4,7/8) or vice versa. 
These positions are used for the models in Fig. 5.8 and 5.9. 
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The remaining problem is the position of the Cu-atoms in the top layer. As the 
STM does not image these they are difficult to place. By symmetry an overall p2gg-
structure can only be constructed with an even number of Cu atoms in the top layer. 
Having no Cu atoms in the unit cell would lead to an incompletely filled top layer 
with larger and deeper holes than visible in the STM pictures. Secondly the top layer 
must be alloyed as has been shown in Ref. [5]. For two Cu atoms, the top-layer is 
also incompletely filled and the symmetry can only be conserved in two ways. Firstly 
at (x,y)=(0,0) and (1/2,1/2), which is in between two Mn atoms and therefore un-
likely due to their small separation (0.36 nm). Secondly, positioned at (x,y)=(0,l/2), 
(1/2,0), (1/2,1) and (1,1/2) between two Mn atoms, which are farther apart by the 
rotation of 55°. This model is presented in Fig. 5.8. From this it can be seen that the 
Cu atoms of the first layer are in fourfold hollow sites, with the Mn atoms almost on 
top of the second layer Cu atoms. This model explains the rotation of the Mn by the 
placement of the Cu atoms in between two Mn. It can also explain the metastability 
concluded from the observation in Ref. [5] of the transformation to the c(2x2) struc-
ture after annealing above 470 K. This would mean an increase in the Cu content of 
the top layer from 25 % to 50 %, which is irreversible. The main problem with the 
model presented is the incompletely filled top layer, in contradiction to the observed 
relatively small height difference of 0.04 nm in the STM-pictures. 
Therefore four Cu atoms in the top layer provide the most plausible solution 
which, in agreement with the STM measurements, has a completely filled top layer. 
To obtain the p2gg symmetry for the Cu-atoms a different angle a' and distance d' 
have to be chosen. This model is depicted in Fig. 5.9. The most striking result is 
the observation of top sites for the surface atoms. Usually the fourfold hollow sites 
are the most favorable positions. The Mn top sites can perhaps be explained by a 
repulsive force between the Mn of the top and second layer. 
The positions of the atoms visible in Fig. 5.7a are in close agreement with the Mn 
atoms in both models. An obvious difference between the models and Fig. 5.7b are 
the four very high corner atoms (large white dots) and the two instead of the expected 
one center atom (smaller white dots). Also in Fig. 5.7a there is a discrepancy evident, 
the corner holes are larger than the center ones. Displacement of one Mn (or Cu) 
atom with respect to the other Mn (or Cu) atoms is not possible, since the Mn (or 
Cu) atoms in the top layer must be equivalent in the p2gg structure. A displacement 
will therefore lead to a different symmetry. The discrepancies can therefore only be 
explained within our model by considering a non-rotationally symmetric tip, or less 
likely, a magnetically sensitive tip. An indication that these unlikely solutions do 
indeed occur is the short lifetime of these particular tips (only a few minutes). In less 
resolved images the tip usually has a better resolution in one direction. 
A possible explanation for this p2gg structure is an attempt by the Mn to obtain 
extra space in order to increase its magnetic moment. The energy gain from the 
increased magnetic moment and the desire for space form a possible driving force for 
this reconstruction. The extra space needed will result in stress in the film, which can 
be reduced by ordering in the p2gg structure. This structure bears some resemblance 
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Figure 5.9: Alternative structural model for the p2gg(4x2) ordered surface alloy. The 
drawing shows the two topmost layers of the model with 50 % Cu in the top layer. The 
second layer is assumed to be the c(2x2) structure. The dashed lines are the four glide 
planes in the top unit cell and the line segments indicate the symmetry between the (x,y) 
and (—χ, —y) atom of the p2gg structure. 
to the clock-wise rotation in the Ni(100)-p4g(2x2)-C case [18]. In this last case the 
reason for the reconstruction is the relaxation of the compressive stress induced by 
the preference of the carbon to be five-fold coordinated. 
5.3.4 Observation of a large corrugation on M n C u 
The unusually large corrugation observed in both alloy structures is surprising. In 
the p2gg(4x2) structure the largest height difference in Fig. 5.7a is 0.04 nm and in 
Fig. 5.7b it is even as high as 0.09 nm. While the corrugation for the c(2x2) structure 
is between 0.02-0.04 nm and the height of the protrusions at the step edges are as 
large as 0.05 nm. The height of these protrusion depends on the adjacent step edge 
atoms, two or more protrusions next to each other are imaged as an extra height of 
0.05 nm, while a single feature at the edge has the same height as the rest of the island 
(see the lower part of Fig. 5.5a). This protrusion might be additional Mn atoms at 
the edge. As they have a lower coordination number at the step it can give rise to 
an increased magnetic moment and thus a gain in energy. A larger magnetic moment 
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will augment the size of the atom [6]. It is however not clear if this increase in size 
is sufficient to explain the observed effects. In the case of Invar [19] the difference in 
atomic radii as a function of magnetic moment is a maximum of 10 %. The difference 
in our case is almost 30 %. 
The observed corrugation can of course be a structural effect, a large outward 
buckling in the toplayer as shown in the c(2x2) case in [6]. However Noh et al. [7] do 
not find a large buckling in their STM measurements and find a similar corrugation 
on both MnCu and CuPd of 0.012 nm. This is an indication that other properties 
must play a role in producing the observed features. Besides structural effects a large 
influence on the measured corrugation can be expected from the local density of states 
(DOS) effects and differences in tip-states. The corrugation observed on Si(l l l ) is just 
one example of large DOS effects. These DOS and tip effects have been described by 
Chen [20]. Other examples are the 'added-row' reconstruction instead of a 'missing-
row' reconstruction for Cu(110)-O depending on the bias voltage [21] and the imaging 
of Au in Ni(110) as holes or protrusions depending on the tip [22]. 
In our case a large influence of the tip-state is observed in the difference between 
Fig. 5.7a and b, as well as in the faint area visible in Fig. 5.5a. The effect of the 
tip-states is further indicated by a large change in the corrugation after a tip change 
and the observation that many STM images of the p2gg structure only had atomic 
resolution in one direction and imaged the atoms in the other direction as rows. This 
tip dependent corrugation is assumed to be caused by the appearance of a d-wave 
tip-state. Chen shows by calculation that the corrugation expected for a d-wave tip 
can be much larger than for p-wave or s-wave tips. As the Mn d-wave state is more 
localized than that of the Cu, tips with this d-wave state should experience a higher 
corrugation when imaging a manganese atom. This can explain the highly corrugated 
topography found in the c(2x2) and p2gg(4x2) MnCu alloys and the imaging of only 
half the number of expected atoms in the unit cell. To discriminate between structural 
effects and DOS effects it is necessary to know the exact positions for atoms in the 
p2gg and c(2x2) case. These positions can be calculated by full dynamical LEED 
calculations as has been done with MnCu c(2x2) [8]. On the other hand STM-
spectroscopy and different tip materials could be used to obtain more information on 
the different electronic effects. 
5.4 Summary and conclusions 
To explain the island formation and reconstruction of the terraces, we believe the Mn 
adatoms must initially exchange with the Cu atoms of the substrate, thus manganese 
incorporates in the copper surface layer. This replacement mechanism is also pro-
posed for the formation of a Cu Au alloy in Ref. [2]. The Cu ad-atoms form islands 
which disappear after heating to 350 K, though when the c(2x2) MnCu surface alloy 
is formed at coverages in excess of 0.5 ML, the islands remain on the terraces at this 
temperature. The protrusions observed at the step edges are considered to be man-
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gañese atoms having a different electronic and/or magnetic state. 
Two models have been proposed from the STM images and LEED observations 
of the p2gg MnCu alloy formed at elevated temperatures above 1 ML Mn, one with 
25% Cu and the other with 50% Cu in the top layer. These models can be the start-
ing point for full dynamical LEED calculations. The positions of the atoms visible 
in Fig. 5.7a are in close agreement with the Mn atoms in both models. There are 
however still some discrepancies between STM images and the models. These may be 
due to non-rotationally symmetric tips, different tip-states or magnetic effects. 
The high corrugation on the surface alloys, comparable to the computed buckling, 
can however not be completely explained by just structural effects or the increase in 
size accompanied by a larger magnetic moment. This is concluded from the differ-
ences found for the corrugation depending on the tip. This sensitivity of the STM 
measurements on the tip, makes DOS effects or different tip-states the most likely 
explanation producing the observed topography. Alterations in these characteristics 
give rise to variations in the tunneling probabilities for Mn and Cu, which explains 
the imaging of only the Mn atoms. What influence magnetism may have on the STM 
measurements is not yet clear. To obtain more information about these effects, the 
structure of the alloys and sub-surface layers need to be determined in more detail. 
Local DOS calculations can be very helpful in interpreting the observed corrugation. 
In addition the magnetic properties of these surface-alloys have to be studied. For 
the structural analysis full dynamical LEED calculations, Surface Extended X-ray 
Absorption Fine Structure (SEXAFS) or ion scattering could be performed. Also 
STM spectroscopy and different tip materials could be used to try and obtain more 
information on the different electronic effects. 
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Chapter 6 
Growth of Cr on Cu(100) 
In this chapter the deposition of sub-monolayer Cr films on Cu(100) is reported, in 
the initial stage of growth as a function of temperature by STM, LEED and AES in 
the temperature range of 285 К to 575 K. 
6.1 Introduction 
Chromium is interesting for surface magnetism since in its bulk form, though it is 
only a weak anti-ferromagnet, it possesses a half filled 3d shell. The prospect of 
somehow stabilizing a high spin configuration yields the possibility of forming a large 
local moment [1,2]. There are also important similarities between Cr and Fe. Both 
have a body centered cubic (bcc) structure in their equilibrium room temperature 
form. They have practically the same lattice parameters, 0.288 nm and 0.287 nm 
respectively. Iron has been shown to grow on Cu(100) in metastable ultra thin films 
( Ä 11 ML) with a face centered cubic (fee) form [3,4]. Calculations also predict that 
the fee Cr lattice constant would be within 1% of that of Cu [5]. 
The growth of high quality epitaxial thin films of Cr is also of interest because 
of the continued controversy about its surface magnetic properties. Allen [6] first 
proposed the existence of an enhanced layered anti-ferromagnetic structure. In this 
scheme there is a sequence of (100) layers with alternating magnetization with the 
surface layer having a magnetic moment 3-4 times higher than in the bulk. This 
resulted in considerable attention to the determination of the surface magnetization 
of Cr. There is however a disagreement between the results of different measurement 
techniques as to whether an anti-ferromagnetic surface exists [7,8]. Wiesendanger et 
al. [9] have reported a change in polarization when going from one terrace to the next. 
This manifested itself in their STM measurements as an effective periodic variation in 
the measured mono-atomic step height, when using a ferromagnetic СгОг tip. One of 
the difficulties with this experiment was the cleaning of the Cr single crystal surface, 
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a process which took several months. The growth of epitaxial Cr films with suitable 
orientation would greatly facilitate further study of this phenomenon. 
The growth of Cr on Cu(100) has already been studied by a number of groups. 
Moog et al. [10] investigated the system using LEED and observed two orthogonal do­
mains, with an apparently 3x1 structure visible for deposited thicknesses greater than 
3 monolayers (ML). Magneto-optic Kerr effect measurements showed no evidence of 
any ferromagnetic behaviour. Inverse photoemission carried out by Haugen et al. [11] 
for the deposition of Cr on Cu(100) showed little or no magnetic splitting, though 
similar measurements on Ag(100) and Au(100) indicated the presence of a large mag­
netic moment. They concluded that these latter cases were anti-ferromagnetic in 
origin as a result of fee growth, while Cr deposited on Cu was considered to be bec 
and paramagnetic. Jandeleit et al. [14] and Rouyer et al. [12,13] concluded from 
their LEED, XPS and photoelectron diffraction (XPD) measurements that Cr retains 
its bulk body centered cubic structure and grows in a multilayer fashion with four 
equivalent domain orientations. 
We report here the deposition of sub-monolayer Cr films on Cu(100) and the study 
of their initial growth stages as a function of temperature by STM, LEED and AES 
in the temperature range of 285 to 575 K. 
6.2 Experimental 
For the growth of Cr on Cu(100) the same substrate and preparation method is used 
as described in section 4.2. Prior to deposition the substrate was given a final ion 
etching treatment and was then allowed to cool radiatively from 620 К to the required 
deposition temperature, in order to anneal out any remaining surface damage. The 
cleaned Cu(100) crystal exhibited a clearly defined ( l x l ) LEED pattern and impurity 
levels were below the detection limit of the AES. The surface consisted of a series of 
broad terraces (« 400 nm) separated by mono-atomic steps or clusters of steps (see 
Fig. 4.2). On the terraces atomic resolution of the copper surface was clearly evident. 
The chromium was evaporated from flakes (99.995% pure) present in an AI2O3 
crucible of the Knudsen-cell, and sublimed at a temperature of 1423 ± 0.5 К providing 
a stable deposition rate of 0.25 ML/min. The pressure during deposition was 5-
6 1 0 - 1 0 mbar. The Cr flux was calibrated using a quartz-crystal micro-balance as 
well as with the AES data, which are in good agreement with the surface coverage of 
islands estimated from the STM images. The STM images on the chromium covered 
copper surface are not of very high quality but show enough details to ascertain the 
information needed in this survey. 
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6.3 Results and discussion 
Films of Cr on Cu(100) were grown for nominal thicknesses of typically less than 1 ML 
and for substrate temperatures between 285 and 573 K. Thicker films (»3.0 ML) 
were also deposited at room temperature in order to investigate the evolution of the 
growth (see Fig. 6.1). The STM and LEED results will be discussed in relation to 
the conclusions of other studies of this system using different methods. 
6.3.1 LEED observations 
LEED patterns of all the Cr films showed only the presence of a ( l x l ) surface struc-
ture. We ascribe these to the Cu(100) reflections as the spots become weaker with 
increased Cr coverage and were accompanied by the emergence of a diffuse back-
ground. This is indicative of a highly disordered surface structure. The fact that no 
obvious reflections from the Cr are visible up to thicknesses of 3 ML is in contrast to 
other studies of this system. 
The work of Rouyer et al. [12,13] shows that Cr grows with its bulk (bcc) lat-
tice parameters for thicknesses greater than 3 ML. For lower coverages this lattice is 
distorted from its bulk parameters to produce epitaxy, i.e. pseudomorphic growth. 
There are four equivalent domain orientations, aligned with the (110) plane parallel to 
the Cu(100) surface and the Cr [lH] direction parallel to the Cu [110]. Similar LEED 
patterns were observed by Jandeleit et al. [14] for thicker films annealed at temper-
atures up to 570 K. The low coverage films in our study are probably insufficiently 
thick to obtain this LEED pattern. However we also only observe the l x l Cu(100) 
reflections in our thicker films (3.0 ML), in contrast to the other studies who do show 
a different LEED pattern at these deposition levels, a four domain pattern [12]. The 
question of deposition temperature and its effect on film morphology must be consid-
ered when discussing these results and this will be done later in conjunction with the 
STM data. 
6.3.2 STM observations 
We present here a series of images of the Cu(100) surface after the deposition of Cr 
over the temperature range of 285 to 575 K. These are chosen to show the variation 
in topography for similar amounts of Cr deposited with increasing temperature. In 
Fig. 6.1 STM images of the Cu(100) surface are displayed after deposition of 0.6, 0.8 
and 3.0 ML of Cr respectively at 285 K. In all images the growth of irregular mono-
layer and multilayer high islands is clearly evident. Even with only 0.6 ML deposited 
(see Fig. 6.1b) three layer high islands are observed. Characteristic for the deposited 
films are the many monolayer and bilayer islands. This is comparable to the case of 
Cr deposition on Ag(001) [15]. The terrace is clearly visible between the islands at 
lower coverages and the Cu lattice spacing was readily observed on it. The terrace 
is believed to be the copper substrate surface. The size of the islands varies over 
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Figure 6.1: STM images of the Cu(lOO) surface after deposition of Cr at 285 K. The islands 
are irregular, consist of several multilayers and vary greatly in size (2 to 15 nm). The step 
heights are characteristic of the bcc Cr(llO) and fee Cr(100) interlayer spacings. The lack of 
atomic resolution on the islands could be caused by movement of the Cr atoms or be intrinsic 
for Cr. (a) and (b) 0.6 ML (У« = 1.5 V, Д=100 pA) 40 nm χ 40 nm χ 0.7 nm and 100 nm 
χ 100 nm χ 0.8 nm, respectively; (c) 0.8 ML (V(=2.5 V, Λ = 150 pA) 160 nm χ 160 nm χ 
1.7 nm and (d) 3.0 ML (Vt=10.0 V, /f = 110 pA) 100 nm χ 100 nm χ 0.9 nm. 
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Figure 6.2: A histogram of a few monolayer high Cr islands on the Cu(100) surface. The 
large peak is the Cu(100) surface, while the arrows indicate 0.184 nm and 0.203 nm above 
this surface respectively. 
a large range (2-15 nm). From the beam widths of their LEED pattern Rouyer et 
al. estimate the size of the islands to be about 10 lattice spacings. This is an order 
of magnitude smaller than those which we observe. Highly disordered islands may 
be responsible for this anomalous value, implying that they consist of small isolated 
small ordered regions (« 2 nm). 
Figure 6.2 shows a histogram of the height distribution of a part of Fig. 6.1a. It 
shows a large spread in the distribution of the heights of the monolayer high islands. 
Nevertheless, two characteristic island step heights could be determined corresponding 
closely to the bcc Cr(110) interlayer spacing (0.204 nm) and the fee Cr(100) spacing 
(0.180 nm). The occurrence of this latter spacing was only for the first monolayer. 
The layer spacing of « 0.20 nm supports the explanation of Rouyer et al. for the (110) 
plane growth of bcc Cr parallel to the Cu(100). But the inability to obtain atomic 
resolution does not allow any confirmation of an epitaxial relationship. Determina­
tion of the actual heights of the islands above the terrace appeared to be difficult 
because in contrast to the flat copper surface, where atomic resolution was readily 
obtained, we were unable to image individual atoms on the island. The surfaces of 
the islands appear somewhat irregular even at the nominally one atomic step height 
and in particular the edges are quite indistinct. The blurring of the Cr surface could 
be due to movement of atoms in the islands. The movement of the Cr surface atoms 
is not a likely explanation, as the islands and their edges are not observed to move in 
consecutive images. Other explanations are that there could be a small contamina-
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Figure 6.3: STM images after deposition of 0.55 ML Cr at 425 К on the Cu(100) surface. 
The islands are typically 4 to 8 monolayers high and show more similarity in form than on 
films grown at lower temperatures. Interlayer mass transport must increase for the islands to 
grow to these heights. Some monolayer high islands are found on the terrace, but no atomic 
resolution was obtained on them, (a) 200 nm χ 200 nm χ 2.5 nm (Vi =4.3 V, /t = 100 pA). 
(b) 51 nm χ 51 nm χ 0.6 nm (Vt=200 mV, / t=730 pA). 
tion of the Cr surface which could make the tunnel current unstable or it could be an 
intrinsic property of the chromium surface as none of the STM reports on chromium 
have shown atomic resolution [9,16]. 
Figure 6.3 and 6.4 show the effect of depositing at elevated temperature, 425 К 
and 575 К respectively. The most marked change between these and the 285 К grown 
films is the reduced number of islands and the increase in their size and height. The 
higher temperatures enhance this process. This produces a reduced effective coverage 
for similar amounts of material deposited. The AES data also show a large decrease 
in the Cr signal (529 eV) for the higher temperature deposition. Films deposited at 
285 К and subsequently annealed at elevated temperature also showed a reduction in 
their AES signal. Cr is immiscible in Cu at these temperatures so the signal reduction 
must be due to a decrease in the coverage of the substrate surface. This is confirmed 
by the STM images which show the agglomeration of the islands which appear similar 
in shape to those produced by depositing at higher temperature. 
The monolayer high islands (ss 0.18 nm) observed in Fig. 6.3b are surprising be­
cause only few of these are present and most of the Cr deposited at 425 К agglomerates 
into 3D islands. Why these monolayer high islands are stable and do not form 3D 
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islands is unclear. Many possible explanations can be given like alloying, Cu adatom 
islands or an epitaxial fee phase, but none of them is supported by further evidence. 
Figure 6.4a shows a 0.5 ML film deposited at 575 K. The surface has a small num­
ber of large outgrowths. These are positioned close to the apices of step bunches on 
the Cu substrate. There are other clusters on the surface but these are much smaller 
when compared with the film deposited at 425 К and in the small scale images slight 
protrusions are observed at the Cu step edges (see Fig. 6.4b). These may be due to the 
presence of Cr at the step edge. If this is the case then it may explain the preferential 
growth of the large grains at these positions on the surface. The Cr adatoms could 
diffuse to these step edges and then travel along them and subsequently agglomerate 
at the apices of the step bunches and form the larger particulates. The fact that on 
the film grown at 425 К the islands next to the step edges are generally larger than 
those on the terrace would support this hypothesis. The apices are therefore pinning 
sites for the Cu(100) step edges and act at the same time as nucleation sites for the 
3D islands. This pinning site is most likely a contaminant of the bare substrate. 
6.3.3 Discussion 
From the STM data the growth appears to be by no means layer-by-layer as has been 
suggested by Moog et al. [10] and can be better described by a three dimensional 
growth system. Rouyer et al. observed the evolution of the Cu(100) Tamm state as 
a function of increased deposition to determine the surface coverage. Their results 
show a lower surface coverage than would be expected from a random deposition 
model [17]. In this type of growth the arriving condensate atoms are able to stick 
anywhere on the surface regardless of the previous topography. They interpret this 
smaller than expected coverage as evidence of significant mobility and surface diffu­
sion of the Cr on the Cu(100) at 285 K. This results in a more particulate, three 
dimensional growth of the Cr. Our STM images display higher island coverages than 
their estimates using the Tamm state. For our case of 3.0 ML deposited we see 95% 
coverage of the Cu surface while Rouyer et al. deduce 80%. There is a more marked 
difference in the sub-monolayer range, the values at 0.6 ML are 50% and 30% respec­
tively. The amounts derived from the STM bear a more close relation to the random 
deposition model. One possible explanation for this disparity is that the films have 
been deposited at different temperatures. The deposition rate is another possibility 
but cannot be responsible for the differences as these are the same for both studies. 
When films deposited at 285 К were annealed to roughly 500 K, we observed a dra­
matic clustering of the Cr islands to form 3D islands. A similar effect is achieved by 
depositing at elevated temperature, as Fig. 6.3 shows for a film of 0.5 ML deposited 
at 425 K. So even though both sets of films are deposited nominally at room tem­
perature a slightly higher deposition temperature in the case of Rouyer et al. could 
bring about this apparent difference in the two measurements. The lack of a distinct 
LEED diffraction pattern for our Cr films is further evidence of lower temperature 
growth, as Jandeleit et al. obtain their sharpest LEED patterns for higher deposition 
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temperatures or after annealing their films. 
One problem with this argument is the size of the islands observed by the STM. 
For the case of the random deposition model a high nucleation density (many very 
small islands) is expected and monolayer high island with a partially covered second 
layer. Clearly this is not the situation shown in the STM images of Fig. 6.1. This 
discrepancy is explained if we consider that there is a relatively high surface diffusivity 
on the Cu terrace and on the Cr islands but that interlayer mass transport is negligi­
ble at 285 K. Therefore the Cr forms larger islands but the overall coverage resembles 
the random deposition model. As the shape of the islands is irregular the diffusion 
of Cr along the Cr islands should be very small. No diffusion along the island edges 
would lead to dendritic islands and a high diffusion rate to more compact islands [18]. 
An argument against a very low interlayer mass transport is the observation of 
many monolayer and bilayer high islands and the small number of monolayer high 
islands with a partially covered second layer, as can be seen in Fig. 6.1b. This dis­
tribution should be very different in the case of random deposition and negligible 
interlayer mass transport. The process responsible for this discrepancy is unclear. A 
possible explanation is that the development of a second layer on top of an fee first 
layer is unstable while it is favoured on top of a bee Cr(llO) first layer. Another 
possibility for the apparent preference of mono and bilayer islands can be the trans­
formation from monolayer fee to bilayer bee Cr(llO) oriented islands. These growth 
characteristics of monolayer and bilayer island formation at 285 К are similar to the 
case of Cr deposition on Ag(OOl) [15]. This system also exhibits analogous behaviour 
upon annealing or high temperature deposition, though it appears to have an antifer-
romagnetically driven stabilization of layer-by-layer growth in a narrow temperature 
and deposition range. 
The 3D character of films grown at higher temperature (see Fig. 6.3 and 6.4) 
and the agglomeration of annealed films supports the hypothesis of a non-negligible 
mobility. However in both these cases interlayer mass transport must become more 
significant than in the 285 К case. The film shown in Fig. 6.3 has a similar amount of 
Cr deposited (0.55 ML) as the 285 К film but has a lower island density. The height 
of these islands are much greater, typically 4-8 monolayers and are less irregular than 
those deposited at lower temperatures. Interlayer mass transport therefore must in­
creases at higher temperatures for these 3D islands or particulates to form. 
These growth characteristics may explain some of the effects observed by Jandeleit 
et al. in their LEED patterns. Their sharpest LEED patterns are achieved for films 
deposited at low temperature and annealed at 520 K. They attribute a reduction in 
their Cr AES signal upon annealing to the formation of a Cu overlayer on top of their 
Cr film. The formation of a floating top layer of substrate atoms can occur when the 
deposited material has a significantly higher surface free energy, as is the case here. 
Such a difference also tends to preclude wetting of the surface. The creation of a 
mono-atomic Au top layer during the deposition of Fe on Au(100) [19] is one example 
of this. The reduction in the AES signal of Jandeleit et al. on annealing the films is 
most likely due to the agglomeration of the Cr. The deposition of their films at low 
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Figure 6.4: STM image of the Cu(100) surface after deposition of 0.5 ML Cr at 575 K. The 
large islands tend to form at the apices of step bunches on the Cu surface. This may be due 
to diffusion of Cr along the step edges and their agglomeration in these positions. The step 
edges are imaged somewhat higher in this case, which could be due to Cr at the edge. The 
small clusters are nucleated Cr. (a) 200 nm χ 200 nm χ 1.5 nm (Vt = 10.0 V, /t = 137 pA) 
(b) 71 nm χ 71 nm χ 0.4 nm (Vt=425 mV, /<=80 pA). 
temperature (200 K) should produce a high nucleation density due to the lower sur­
face mobility, close to an ideal random deposition model. The subsequent annealing 
will form a surface covered with many small 3D islands. In contrast, deposition at 
higher temperature produces a surface with fewer growth centers but larger grains as 
the arriving Cr atoms diffuse across the Cu terrace until they reach a Cr island. 
6.4 Summary and conclusions 
The growth and surface morphology of Cr deposited on Cu(100) has been studied as 
function of temperature in the range of 285 to 575 K. At 285 К the growth is char­
acterized by the formation of irregular multilayer islands, showing many monolayer 
and bilayer islands. The Cr on Ag(001) system shows analogous behaviour [15] for 
room temperature deposition. No atomic resolution has been obtained on the Cr, 
in contrast to the Cu terrace. The similarity of the surface coverage to the random 
deposition model suggests that interlayer mass transport is negligible. However this 
is not supported by the observation of many monolayer and bilayer high islands and 
the lacking of partially covered monolayer island. 
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Two distinct island step heights axe measured one similar to the bulk bcc Cr(llO) 
plane separation, in agreement with previous studies of this system and the other can 
be ascribed to fee Cr(lOO) steps. At higher deposition temperatures the Cr forms 
more 3D features due to an increase in interlayer mass transport. The nucleation 
density is also reduced at elevated growth temperatures due to a larger diffusion rate. 
Annealing the films causes the agglomeration of the islands to become more particu­
late in form. This agglomeration at higher growth temperatures is also observed for 
the Cr/Ag(100) system. 
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Chapter 7 
Growth of Au on Fe(100), 
observation of interface 
roughening 
In this chapter the results of an STM, AES and LEED study on the growth of 3-5 
monolayers Au on Fe(100) will be presented. The temperature dependency in the 
range of 310 К to 525 К is studied to obtain the best growth regime. The Au/Fe(100) 
system enables the study of the buried interface by STM, which is shown to roughen 
at higher growth temperatures. In this context also the effect of annealing will be 
discussed. The last parts will report on the reconstruction of the gold surface and the 
growth of gold on an oxygen covered iron surface. 
7.1 Introduction 
The growth of gold on iron is expected to be epitaxial due to the close lateral match 
between the Au(100) and Fe(100) plane. Au has a fee structure and an interatomic 
distance in the (100) plane of 0.288 nm, while Fe on the other hand is bec and has 
an interatomic distance in the (100) plane of 0.287 nm. The difference between the 
fee character of Au and the bec nature of the Fe determines that the crystals grow 
with their axes rotated by 45° with respect to each other. Besides the close lateral 
match there is however a large difference in the out of plane direction, making the 
Au/Fe(100) system ideal for the study of the sub-surface interface by STM. By this 
step height difference the sub-surface Fe steps (0.14 nm) can be separated from the 
overlayer Au steps (0.20 nm) in an STM measurement. 
From the diffusion constants of Fe in Au it can be calculated that the interdif­
fusion of Fe in Au should be negligible below 550 K. As the surface free energy of 
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Au is lower than that of Fe, it is expected that the Au will wet the Fe(100) surface 
completely [1]. The negligible interdiffusion, close lateral match and the complete 
wetting makes the growth of Au on Fe(100) similar to the homo-epitaxial growth of 
Au on Au(100). This has been studied with STM by Günther et al. [5]. They find 
layer-by-layer growth and an anisotropic growth behaviour due to anisotropic diffu-
sion for Au on a reconstructed Au(100) surface. These growth characteristics are also 
expected for Au on Fe(100). Celinski and Heinrich [2], Fuß et al. [3] and Unguris 
et al. [4] observed RHEED intensity oscillation indicating well ordered layer-by-layer 
growth for Au/Fe(100). However the RHEED diffraction spots stretched into sharp 
streaks and superlattice spots began to form after deposition of more than 3 ML of 
Au. These extra spots indicated a fivefold reconstruction of the surface, the (5xn) 
reconstruction (n=17-28) found for the Au(100) surface. This reconstruction is now 
believed to consists of a densely packed quasi-hexagonal topmost layer on the square 
bulk lattice [6-11]. 
The mirrored system of Au on Fe(100), Fe on Au(100), does not show well be-
haved growth. This last system exhibits an atomic place exchange at the surface at 
temperatures as low as 310 К [12]. This must be due to the high surface energy of 
the Fe compared to Au and consequently a layer of Au is floating on top of the Fe 
film. The iron layer is therefore sandwiched between the Au crystal and the floating 
Au top layer. 
Figure 7.1: 1.2 μπα χ 1.2 μηι χ 2.3 nm STM image of the clean Fe(100) whisker. The 
straight steps are step bunches of 5-10 monolayer high. The smaller and rounder steps are 
mono-atomic Fe steps. 
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This study is focussed on the temperature dependence, to obtain the best growth 
regime of the Au and to observe any effects related to interdiffusion. As the growth 
of Fe on Au(100) shows an atomic place exchange at temperatures as low as 310 K, 
interdiffusion in the Au on Fe(100) case may well start at much lower temperatures 
than predicted from bulk diffusion experiments. 
7.2 Sample preparation 
The Fe(100) single crystal whiskers [13] typically 5 mm χ 2 mm χ 1 mm used as a 
substrate were mounted on Ta sample holders. The Fe(100) was first degassed at 900 К 
and subsequently cleaned by cycles of ion bombardment at elevated temperatures (see 
Table 7.1 for the details of the sputtering [14]). The cleanness of the substrate was 
checked by AES after each sputter cycle. A new Fe whisker surface was contaminated 
by oxygen, sulfur, carbon and nitrogen. The nitrogen and carbon adsorbates were 
removed after annealing to 1000 К and a few sputter cycles were enough to remove 
the sulfur and oxygen. The Fe(100) surface did not stay clean for long in the UHV 
system; 15 min after the last sputter cycle a small amount of oxygen reappeared on the 
surface. The oxygen contents increased to 18 at% oxygen on annealing of the sample 
to 1000 K. Therefore the final step in the cleaning procedure was always sputtering 
followed by the cooling of the substrate from 1000 K. The temperature of the crystal 
was sufficient to repair any surface damage. 
The AES pattern of clean Fe(100) whiskers showed no contamination of the sample 
surface and the LEED showed a clear and sharp ( l x l ) pattern as expected for the 
clean Fe(100) surface. Heating the surface above the martensitic-austentitic phase 
transition temperature resulted in rough surfaces with a disordered LEED pattern. 
This LEED pattern consisted of multiple spots characteristic of small crystallites with 
different orientations. To obtain clean, flat and well ordered Fe(100) surfaces, the 
annealing was carried out below 1050 K, well below this phase transition. Figure 7.1 
Table 7.1: Parameters for sputtering the Fe(100) whiskers. 
parameters value 
Temperature 
Voltage 
Dose 
Filament current 
Target current 
Ar pressure 
Time 
1000 К 
1.5 kV 
510 1 7 ions/cm2 
25 mA 
10 μΑ 
6-10-5 mbar 
45-60 min 
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Table 7.2: Experimental details for the different Au films grown on the Fe(100) whiskers. 
Tgr is the temperature of the substrate during growth; d¿¿p is the Au thickness determined 
from the deposition time; c„e" (at%) is the atomic percentage of Au determined with AES; 
Caes (at%) the atomic percentage of oxygen determined with AES; df^ is the amount of Au 
deposited on the Fe estimated with STM and dph the observed depth of the pinholes. 
# 
1 
2 
3 
4 
5 
6 
T9r (K) 
310 
380 
440 
470 
495 
525 
dZ (ML) 
±0.2 
5.1 
5.1 
5.1 
5.1 
5.1 
2.7 
cíe". (at%) 
±4 
50 
56 
53 
41 
51 
34 
¿L· (at%) 
±0.3 
0.6 
0.7 
0.4 
5.0 
2.2 
, 0 . 7 
d£n (ML) 
±0.2 
5.1 
5.2 
5.0 
4.9 
5.0 
3.3 
dph(ML) 
none 
none 
none 
5 
5 
3 
is a typical STM image of the clean Fe(100) surface, showing large terraces separated 
by one or a few monolayer high steps. The Au/Fe(100) surfaces imaged after the 
growth of a few monolayers gold show the same large scale pattern. 
Gold (99,99% pure) was loaded in an AI2O3 crucible and extensively outgassed. 
The pressure during growth was approximately 4-10 -9 mbar, mainly from nitrogen 
still outgassing from the Knudsen cell. The gold was evaporated from the Knudsen 
cell at 1398 ± 0.5 K, providing a Au flux determined from AES and STM images to 
be 0.51 ± 0.02 ML/min. The Au was grown on Fe(100) substrates at different sample 
temperatures ranging from 310-525 K. After deposition the films were allowed to 
cool down to room temperature and were subsequently examined by AES, LEED 
and STM. The calculated layer thicknesses and percentages of oxygen and gold from 
AES are shown in Table 7.2. Auger spectroscopy was carried out to determine the 
amount of Au and the contamination levels of the Fe/ Au interface. Deposition shortly 
after cleaning resulted in the lowest oxygen content of the Fe(100) surface. The Au 
thickness is calculated with 1 ML equivalent taken as the amount of Au needed 
to complete 1 monolayer in the fee unit-cell having a lattice spacing of 0.407 nm. 
The (5xn) reconstructed layer has therefore an extra 0.2 ML equivalent Au, as this 
reconstruction has an extra gold row for each 5 interatomic spacings of the underlying 
Au(100) surface. Therefore 4 gold layers plus a reconstructed top layer adds up to 
5.2 ML Au. 
RHEED measurements by Unguris et al. [4] show that the fourth gold layer on 
Fe(100) is the first layer to reconstruct. Therefore the first observed reconstructed 
layer is taken as the fourth gold layer, and the last unreconstructed layer is the third 
layer. The thickness is subsequently calculated from the measured coverage of the 
different levels. The calculated thicknesses compare well with the measured depth of 
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Figure 7.2: STM image of Au grown on Fe(100) at 310 K. (a) 200 nm χ 200 nm χ 0.36 nm 
(b) 65 nm χ 65 nm χ 0.36 nm enlarged part of (a). The top layer is not complete, the 
dark patches show the uncovered lower layer with a height difference of 0.20 nm. From these 
images a last layer coverage of 90% is deduced. Both observed layers show the characteristic 
modulation of the quasi-hexagonal reconstructed surface, therefore the last layer is at least 
5 ML high. Larger images show the Fe(100) sub-surface substrate steps, but no pinholes are 
observed. The bright areas are nuclei of a new Au layer. (V¿=670 mV, /( = 105 pA). 
the pinholes found in some of the films (see Table 7.2). These pinholes are believed 
to show the parts of the Fe substrate which are oxygen covered. Table 7.2 shows 
a number of relevant parameters for the different films from the growth, the STM 
measurements and the Auger measurements. The Auger data show approximately 
the same amount of gold for almost all films. This however is not the case for the 
film grown at 470 К which has many large pinholes. The larger Fe AES-signal from 
this film is a result of the partly oxidized Fe surface which is therefore not completely 
covered with gold, thus resulting in a relatively lower gold signal. 
7.3 Results and discussion 
This section will present the results of the Au grown on Fe(100). In the first part of 
this section the growth is studied as a function of temperature in the range from 310 К 
to 525 K. The step height difference between fee Au (0.20 nm) and bec Fe (0.14 nm) 
enables us to examine the Au/Fe interface with STM. The interface morphology will 
be shown to depend on the growth temperature. The results for the growth at higher 
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Figure 7.3: STM image of Au grown on Fe(100) at 380 К. (a) 200 nm χ 200 nm χ 0.45 nm 
(b) 65 nm χ 65 nm χ 0.45 nm enlarged part of (a). The meandering iron sub-surface step 
can be easily observed. The Au film has on some parts of the image overgrown this step onto 
the lower terrace forming straight Au steps and giving rise to a height difference of 0.06 nm. 
The islands and outgrowth of the terraces are observed to be anisotropic in the direction of 
the Au reconstruction. (Vi =565 mV, Λ = 100 pA) 
temperatures will be compared with a gold film annealed to 570 K. The next part 
will discuss the reconstruction of the gold surface. The last part shows the results of 
a partly oxidized substrate, which leads to pinholes and large uncovered areas on the 
surface. 
7.3.1 Temperature dependent growth of Au on Fe(100) 
The RHEED measurements of Unguris et al. [4] show clear oscillations indicating 
that Au grows layer-by-layer at 350 K. Also the temperature dependent study of the 
homo-epitaxial growth of Au by Günther et al. [5] demonstrated a clear layer-by-layer 
growth mode. The Au films grown at the lowest temperatures, (see Fig. 7.2 and 7.3) 
show very smooth surfaces which supports the RHEED measurements for a layer-
by-layer growth behaviour. Unguris et al. [4] also reported a change in the observed 
RHEED pattern after depositing three monolayers, due to the reconstruction of the 
toplayer. This is in agreement with the observation of the characteristic modulation 
of the quasi-hexagonal reconstructed surface above 3 ML Au in all our STM images. 
The top layer of the Au film grown at 310 К is 90% complete, and shows patches 
of the reconstructed lower layer separated by 0.20 nm (a Au step), see Fig. 7.2. The 
7.3 Results and discussion 99 
Figure 7.4: STM image of Au grown on Fe(100) at 440 K. (a) 250 nm χ 250 nm χ 
0.47 nm (Vt=680 mV, Λ = 113 pA), (b) 66 nm χ 66 nm χ 0.40 nm zoomed in part of 
(a). (V(=64 mV, /t = 113 pA). The image shows an incompletely covered top layer and it dis­
plays the anisotropic growth of the Au. It is clearly seen that the Au follows the Fe surface. 
The round patches (arrows) are sub-surface iron-islands. The small scale image shows some 
atomic scale features in the reconstruction, which are 0.04-0.07 nm deep (A) or high (B). 
bright areas in this image are interpreted as a new Au layer nucleating on the top 
Au layer. The small distance between the patches displaying the lower layer and the 
small distance between the nuclei, indicate a low diffusivity of the Au adatoms at 
this temperature. The observed density of these patches compares well to the island 
density of 3-1011 c m - 2 found by Günther et al. [5] for Au on Au(lOO). This shows 
that the growth of Au on Fe(100) is indeed comparable to the homo-epitaxial growth 
of Au in this growth regime. 
The Au film grown at 380 К (see Fig. 7.3) shows the same growth behaviour but 
due to a larger diffusivity at this temperature, the island density is reduced and larger 
areas with the same orientation of the reconstruction appear. This Au film shows al­
most perfect layer-by-layer growth where the fifth Au layer is practically completed 
before the next layer nucleates (see Fig. 7.3). The STM images show that the steps 
are running in the [011] and [Oil] directions with respect to the Au lattice. Further­
more due to the anisotropic growth behaviour observed in the images and shown by 
Günther et al. [5], the long side of the reconstruction usually forms the step edge. The 
Au films follow the underlying meandering Fe step very well, but the Au steps are 
kept in the [011] and [Oil] directions of the Au(100) leading to the formation of Fe-Au 
steps with a height of 0.06 nm. These Fe-Au steps consists of a Au film growing over 
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Figure 7.5: Model for the height differences observed in the STM images. The fourth layer 
of gold is reconstructed and has a step height of 0.26 nm to the unreconstructed third layer. 
The surface shows the iron and gold mono-atomic steps, as well as combinations of these. 
Gold layers with a height difference of 0.06 nm do not form steps but form smooth transition 
regions indicated by the rounded transitions in the Au film. Fe, Au and Fe-Au steps are 
indicated with their respective heights. The right side of the figure displays the model for the 
peculiar pattern observed for the films grown above 495 K, ascribed to interface roughening. 
the Fe step and thereby forming a continuous and smooth step edge. The differences 
in step heights observed for these films are schematically depicted in the model of 
Fig. 7.5. 
The Au film grown at 440 К has a 80% coverage of the fifth Au layer and displays 
the same features as the films grown at lower temperatures: smooth overgrowth of 
the sub-surface Fe-steps, anisotropic diffusion and layer-by-layer growth. This smooth 
overgrowth is displayed in Fig. 7.4 by the sub-surface Fe islands present on the in­
terface. Also some small holes(A) and hillocks(B) of 0.04-0.07 nm deep or high are 
observed on this film. These cannot be due to diffusion of Fe to the surface as the 
diffusion rates calculated [15] for this temperature are far too low. 
The film grown at 495 К (see Fig. 7.6) shows a different growth behaviour. Al­
though the Au surface does not display many Au or Fe steps, the observed surface 
is certainly not atomically flat. Most of the observed height differences are less than 
0.14 nm which cannot result from Fe or Au steps. The surface contains some un­
reconstructed areas (C) which have a depth of 0.12 nm below the neighbouring re­
constructed areas. It is tempting to ascribe this height difference to the height of a 
reconstruction layer. However this cannot be the case as similar square patches (D) 
are observed on the higher terrace which are reconstructed and have a height differ­
ence of 0.06 nm with a smooth transition to the neighbouring areas. We will refer to 
these features as indentations (D). The height difference between the unreconstructed 
patches and the indentations is 0.26 nm. The similarity between these square patches 
and indentations suggests that their origin must be the same. If the 0.12 nm deep 
areas were due to the height of the reconstruction, the patches of the higher terrace 
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Figure 7.6: STM image of Au grown on Fe(100) at 495 K. (a) 207 nm χ 207 nm χ 0.80 nm 
(b) 66 nm χ 66 nm χ 0.41 nm enlarged part of (a). The small black areas are pinholes 
probably due to a small oxygen contamination present on the substrate surface prior to the 
growth. Most of the surface is reconstructed, although some small unreconstructed patches 
(C) 0.12 nm lower than the terrace can be observed. Of interest are the small long ridges 
(arrows) 0.06 nm high, surrounding these patches. On the higher terraces the same pattern is 
repeated although the small square patches (D=indentations) are reconstructed and 0.06 nm 
lower. (V(=340 mV, /t = 105 pA) 
(which are reconstructed due to an extra Au layer) should have the same level as their 
neighbouring areas, which is not the case. 
Secondly, some small long reconstructed ridges surrounding these patches are ob­
served. These ridges (0.06 nm high) which are reconstructed, form irregular ring 
patterns with diameters ranging from 15-30 nm wide. The pattern formed by these 
ridged bare some resembles to a dislocation network. This possibility has been re­
jected as no dislocations are expected because of the very close lateral match between 
Au(100) and Fe(100) and secondly this solution can not explain the square patches 
or the indentations. Moreover, the 0.06 nm height difference of both features (in­
dentations and ridges) suggests that an Au-Fe step (also 0.06 nm high) is the most 
likely explanation for these features. This has been depicted in the model shown in 
Fig. 7.5 and labeled interface roughness. For a ridge this means that the Fe interface 
must step down to one lower Fe-layer, thus forming a Fe interface 'vacancy' trench. 
While for an indentation an extra Fe layer is necessary, thereby forming a Fe inter­
face 'island'. This extra Fe layer can also explain the 0.12 nm height difference in 
the unreconstructed case by assuming that only 3 Au layers cover the extra Fe-layer 
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Figure 7.7: STM image of Au grown on Fe(100) at 525 К. (a) 200 nm χ 200 nm χ 0.75 nm 
(Vt=250 mV, /<=125 pA), (b) 60 nm χ 60 nm χ 0.75 nm (Vt = 110 mV, / t=150 pA) STM 
image of the same surface. This surface contains less gold therefore the reconstruction is 
only visible on 30% of the surface. Again the same features are observed as in Fig.7.6, 
unreconstructed patches 0.14 nm high (an Fe step) surrounded by small long reconstructed 
ridges 0.12 nm high. On the higher terraces the same pattern is repeated although the small 
square patches are now 0.06 nm lower than the neighbouring reconstructed terraces. 
which do not reconstruct. The difference between the unreconstructed patches on the 
lower terrace and the indentations on the upper terrace must be the height of one 
reconstructed layer, which therefore has a height of 0.26 nm. The observed height 
differences can all be explained by the model of Fig. 7.5, however it does not explain 
the shape of the observed patterns. 
The STM images of the Au film grown at 525 К show a very rough surface with 
many islands and height levels (see Fig. 7.7). It must be noted that the coverage 
of this film is only 3.3 ML and therefore only partially reconstructed (30%), as the 
surface reconstructs from the fourth layer on. Most of the step heights observed on 
the surface are 0.14 nm high and can be ascribed to sub-surface iron steps. Again, 
0.06 nm high reconstructed ridges forming ring patterns on the surface surrounding 
square like patches can be seen as for the previous film. This can be observed on the 
lower parts with reconstructed ridges and unreconstructed terraces and patches, and 
on the higher parts, where the terrace is reconstructed surrounding unreconstructed 
square like patches. On the lower parts the ridges are 0.12 nm high and the square 
like patches 0.14 nm high. On the higher parts the ridges are only 0.06 nm high, 
but the square like patches are now 0.12 nm deep. These heights are all relative 
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to the surrounding terrace level. Both lower and higher parts of the surfaces can 
be explained by the same model (see Fig. 7.5), resulting from interface roughness 
as deduced from the film grown at 495 K. This model is confirmed by the presence 
of 0.06 nm high unreconstructed areas on the lower terrace connecting some of the 
ridges. These unreconstructed areas can be ascribed to a step down to a one layer 
lower Fe-layer compensated by an extra Au layer. The sub-surface in both cases has 
the same morphology. 
The surface roughness deduced from the step height after gold deposition is not 
due to surface damage present from the ion-bombardment, for the Fe(100) substrate 
surface is shown to be smooth after cooling of the surface. The interface roughness is 
therefore most likely the first sign of interdiffusion, visible at much lower temperatures 
than known from bulk diffusion measurements for the Fe-Au system. However the 
physical origins for these two diffusion mechanisms may be different. At the interface 
the Fe atoms are surrounded partly by other Fe atoms, whereas in the bulk of the Au 
it has only Au neighbours. 
Returning to the film grown at 440 K, the small features, holes and hillocks a 
few atomic spacings large observed on this film, most likely, have the same origin as 
the patterns observed for the higher temperature cases namely, interface roughness. 
In this case however no regular patterns have formed. We assume at the interface 
the Au and Fe atoms change place, thus forming Fe 'adatoms' and 'vacancies' (Au 
atoms in the Fe surface). The random formation at the interface of these 'adatoms' 
and 'vacancies', leads upon clustering to the features observed in Fig.7.4. The regular 
patterns can then result from diffusion of these Fe and Au atoms along the interface. 
This diffusion at the interface displays the same type of behaviour as observed for 
surfaces, the formation of adatom islands and vacancy islands. The atoms displaced 
at the interface diffuse to monolayer high islands at the interface and to small mono­
layer deep trenches surrounding these islands. As the diffusion is at the interface and 
not at the surface, an 'adatom' and a 'vacancy' at the interface do not recombine as 
easily as they would on the surface, because they are surrounded by or filled with Au 
atoms. Why this diffusion is confined to the interface is not clear, but apparently the 
activation energy is lower for interface diffusion than for bulk diffusion. 
The step heights observed on the different films grown can be explained by the 
model of Fig. 7.5. However the origin of the peculiar pattern formed by the interface 
roughness is still unclear. To be able to judge the origin of the interface roughness and 
the shape of the patterns, the Au film grown at 440 К is annealed. Before discussing 
the shape of the patterns, the results of this annealing will be presented. Subsequently 
these peculiar patterns will be discussed in conjunction with the features observed on 
the annealed film. 
7.3.2 Annealing a gold film 
The Au film grown at 440 К was annealed for 15 min at 570 К to observe the effect it 
has on the small features (see Fig. 7.4). The resulting STM image is shown in Fig. 7.8. 
104 A u o n Fe(lOO) 
Figure 7.8: 106 nm χ 106 nm χ 0.60 nm (Vt= 5 V, /( = 85 pA) Au film grown at 440 К 
after anneal to 570 К for 15 min. Large terraces with a reconstruction are seen, but also 
terraces without reconstruction are observed. Some lines of the reconstruction are left on the 
unreconstructed terraces. The upper right part shows white patches 0.14 nm high smoothly 
overgrown by Au. 
Large terraces with a regular (5x20) reconstruction are seen, but surprisingly also ter­
races without reconstruction are observed, merely at the step edges. Some of these 
areas still show some small (5 atomic spacings wide) lines of the reconstruction. These 
observations suggest the reconstruction has withdrawn from these step edges to form 
a three monolayer high unreconstructed Au surface. The small scale features present 
in the as grown film at 440 К are not observed after annealing. The annealing must 
therefore have smoothed the film. The small white patches observed in the upper part 
of the image are 0.14 nm high and are smoothly overgrown by the Au. This is very 
surprising as the reconstruction observed for other 0.14 nm steps on the surface do 
show sharp step edges. Two likely explanations available for the effects of annealing 
are intermixing of Au and Fe, and diffusion of Fe along the interface. As the complete 
surface was reconstructed before annealing, diffusion along the interface is not enough 
to explain the large unreconstructed parts. This diffusion can still play a role in the 
formation of the areas, but before Fe 'adatoms' have to be created. Intermixing at 
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570 К must therefore play an important role to explain these results. This is plausible 
as the diffusion of Fe in Au becomes noticeable at 570 К [15]. Fe must have diffused 
into the Au film and formed the unreconstructed areas by diffusion along the interface. 
Returning to the discussion of the patterns on the high temperature films above 
400 K, it is evident that the growth process must determine the formation of these 
patterns because of the large difference between the results on the as grown and the 
annealed films. To fully explain the shape of the interface roughening pattern (islands 
and trenches) more study is needed. However, a tentative explanation can be given 
based on the following assumption. The fourth deposited Au layer reconstructs, this 
implies that also the atoms of the first three layers move to some extend from their 
bulk positions, when the fourth layer is deposited. The assumption we make is that 
this slight movement influences the interface diffusion constant in such a way that the 
diffusion is strongly reduced. This means that for those parts of the surface where the 
fourth layer is formed the interface diffusion is frozen, which can explain the observed 
patterns. The trenches, for instance, have an extra Au layer and reconstruct therefore 
at lower coverages than the rest of the surface, namely when the terraces are covered 
by only 3 ML Au and the Fe islands by 2 or 3 ML Au. Upon reconstruction the 
sub-surface Fe 'vacancies' are pinned and thereby their diffusion along the interface 
frozen. The high anisotropy for the growth of the reconstruction [5] determines then 
the pattern of these trenches. On the other hand the square like patches or sub­
surface Fe-islands are formed because of the growth of the next layer, upon which the 
terraces reconstruct. The reconstruction of the terraces pinned the next sub-surface 
Au layer and thereby formed the square like patches by freezing the movement of 
the Fe 'adatoms' at the interface. Depositing another gold layer will lead to the 
reconstruction of the square like patches and thereby the pinning of the Au on top of 
the sub-surface Fe-islands. When the total Au surface is reconstructed, the complete 
sub-surface is frozen and the patterns do not change any more. 
7.3.3 Reconstruct ion of the Au(100) film 
The STM images show above 3 ML Au the characteristic modulation of the (5xn) 
reconstructed surface. The Au(100) surface forms a structure which has been deter­
mined as (5x1) or (5xn) reconstruction but is now believed to consists of a densely 
packed quasi-hexagonal topmost layer on the square bulk lattice. This leads in a 
simple picture to a stacking of six topmost atoms per five bulk lattice spacings in one 
lattice direction. Apart from a slight rotation, found in some experiments, the rows 
are approximately oriented along one of the close-packed lattice directions [6-11]. 
Why the Au film surface reconstructs only after 3 ML are deposited is not yet clear. 
Most likely not only the top layer atoms are displaced, but to form the reconstruction 
the second, third and fourth layer atoms should also move from their bulk positions. 
Figure 7.9b shows a linescan perpendicular to the reconstruction rows averaged 
over 8 atomic spacing parallel to the rows. The six atomic rows per five bulk lattice 
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Figure 7.9: 14.6 nm χ 14.6 nm χ 0.16 nm STM image of a part of the surface displaying 
atomic resolution on a reconstructed and unreconstructed area showing a densely packed 
quasi-hexagonal surface. The top figure displays a close up of part of the reconstruction 
with 2=0.1 nm. The linescans are an average from the boxes in the left image. (Vt= 6 mV, 
It= 8 η A) 
spacings are indicated in the linescan. Although the reconstruction looks the same all 
over the surface on a large scale (a periodic modulation), close observations show dif­
ferent appearances and lengths of the reconstructions as can be observed in Fig. 7.9. 
The typical height variation is 0.03 nm and indicated in Fig. 7.9b by the pointers. 
The small scale images of the reconstructed surface show kinks after a typical length 
of approximately 20 lattice spacings. This length can vary by as much as 5 lattice 
spacings longer or shorter and it probably compensates for the mis-alignment of the 
different sections of the reconstruction or relieves stress in the film. The mis-alignment 
at the joining of two sections can cause an extra observed height of 0.02-0.03 nm. The 
reconstruction is observed to follow the 0.06 nm height differences of the Fe-Au steps 
smoothly, so no breaks are observed for the reconstruction at these small steps. 
7.3.4 Growth of Au on oxygen covered Fe(100) 
The first Au films deposited in the UHV system were grown approximately 2 hours 
after cleaning the Fe(100) substrate. The Auger spectra measured after Au deposition 
at 470 К showed a large oxygen signal corresponding to 5 at% oxygen (see Table 7.2). 
This oxygen signal most likely results from oxygen present at the bare iron surface 
and not from oxygen through-out the bulk iron or Au-film. As the mean free path 
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of the Auger electrons (10-1000 eV) is approximately 1 nm the Auger signal is an 
average over 5-8 monolayers. The observed 5 at% oxygen results then in coverage of 
25-40% of a monolayer oxygen. 
The STM image (see Fig. 7.10) of the Au film grown on this oxygen covered 
Fe(100) substrate shows many holes with an average depth of 1.0 nm, corresponding 
to 5 ML of Au. The bottom of the holes is most likely the oxygen covered Fe surface, 
because if the bottom was covered with Au, more layers of gold should have grown 
on this first layer and a smooth film should be expected, as is observed for equivalent 
film grown on clean substrates. The percentage of surface covered with pinholes is 
approximately 20%. The 25-40% of a monolayer oxygen calculated from the AES 
compares well with the amount of deep holes in the surface calculated from the STM 
images. Therefore the bottom of the holes is assumed to be completely covered with 
oxygen. For the film grown at 495 К also a relatively large oxygen signal is measured 
and again the STM images show pinholes. 
7.4 Summary and conclusions 
The five films grown between 310 К and 525 К on clean Fe(100) show that the 
growth in this regime is layer-by-layer and comparable to the homo-epitaxial growth 
of Au(100). The Au(100) film surface is observed to reconstruct from the fourth layer 
Figure 7.10: 76 nm χ 76 nm χ 1.6 nm STM image of Au grown at 470 K. A large part of 
the surface is not covered with gold, most likely due to the presence of Fe-oxide at the sample 
surface, (b) shows a linescan indicated in (a) by the solid line. (Vt = 1.0 V, 7t = 145 pA) 
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onwards. The film growth is optimal at 380 К, as shown by the smooth Au film. A 
clear contrast is observed between sub-surface Fe steps (0.14 nm) and surface Au steps 
(0.20 nm), due to the fee and bee nature of the crystals respectively. This enables 
us to examine the interface by STM. The Au on Fe(100) system therefore is ideal for 
studying interface roughening. 
The films grown above 440 К shows some peculiar patterns, characterized by 
square like patches and ring like structures. These patterns are ascribed to interface 
roughening, probably due to atom exchange followed by the onset of diffusion along 
the interface. As annealing results in the observation of different features on the sur­
face, the patterns are assumed to be formed during the growth and can be described 
by diffusion of Au and Fe largely confined to the interface. From the observation that 
the Au reconstructs only from the fourth layer onwards, it is concluded that also the 
sub-surface Au layers must participate in the reconstruction. Somewhat speculative 
we can explain the shape of the pattern by assuming an influence of the reconstruction 
of the gold surface on the diffusion velocity in the underlying interface. 
The Au is shown to grow smoothly over small height variations of 0.06 nm result­
ing from a double step of iron and gold at the same place on the surface. Annealing 
results in some larger partially unreconstructed areas at the step edges with single 
reconstruction rows, likely due to intermixing. Growing Au on partially oxygen cov­
ered surface leads to large pinholes and island growth. A clean substrate is therefore 
necessary for the growth of Au on Fe(100). The length of the reconstructed unit-cell 
is not a fixed number and can adjust itself to compensate for misalignment or relieve 
stress in the film. The six atomic rows per five bulk lattice spacings of the quasi-
hexagonal reconstruction are observed in the images. 
Magnetically sensitive second harmonic measurements in air [16] on the gold cov­
ered Fe(100) samples show that the iron surface is magnetic exhibiting a large second 
harmonic signal [17]. The Fe(100) surface is apparently well protected against oxida­
tion by the deposited Au layer. 
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Summary 
This thesis discusses several applications of Scanning Tunneling Microscopy (STM) 
to the field of surface and material science. Although very different, the various chap-
ters are related by the in situ study of (sub-)monolayer metals deposited on clean 
surfaces. The diverse subjects range from the growth of metals, metal-semiconductor 
interfaces, magnetic surfaces and thin films to alloy formation. In this research sev-
eral surface science tool have been employed, the emphasis is mainly on STM and 
Scanning Tunneling Spectroscopy (STS) though these have been supported by Auger 
electron spectroscopy and Low Energy Electron Diffraction (LEED). 
Chapter 2 describes the ultra high vacuum system and the methods used for the 
measurements presented in this thesis. This system includes an STM at room tem-
perature and evaporation facilities designed for the study of (epitaxial) growth. The 
system performs very well as can be judged from the results presented in the following 
chapters. 
In chapter 3 a short review is given about the preparation of clean Si(100) 2x1 
surfaces. Furthermore, the effect of Mg deposition on this surface is studied using 
STM and STS. The growth of Mg on Si(100) 2x1 is not well defined, as determined 
by LEED and STM. At larger coverages the growth becomes disordered and grains 
are shown to form. In the sub-monolayer regime the Mg atoms are shown to be sited 
on top of the Si dimer, in agreement with a Car-Parrinello type of calculation. At 
somewhat larger coverages, but still far below one monolayer, the Mg atoms tend to 
line-up in strings perpendicular to the dimer rows. Although many elements grow 
in rows perpendicular to the dimer rows, none of them show the large separation 
between the atoms and the connecting line segments. In conjunction with the volt-
age dependence topography and spectroscopy these line segments are ascribed to the 
shifted empty states of the dimer, which show up due to a charge transfer of the Mg 
to the Si. STS on clean Si(100) 2x1 surface appeared to be difficult, as the Fermi 
level was not pinned due to tip-induced band-bending. Depositing a small amount 
of Mg or introducing many defects (15%) resulted in the pinning of the Fermi level 
as determined from the acquired well resolved tunnel spectra. The observed positive 
shift of the Fermi level (0.2 ± 0.07 eV) towards a larger Schottky barrier upon Mg 
deposition is ascribed to the introduction of extra states below the Fermi level. This 
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shift is opposite of the changes measured by XPS at larger coverages. This discrep­
ancy is most likely due to the metallic character of Mg at larger coverages. 
Chapter 4 describes the preparation of clean Cu(100) single crystal surfaces and 
presents the results on this clean and oxygen covered surface. The oxidized surface 
exhibits the expected (\/2 x 2\/2) R45° reconstruction, consisting of two 90" rotated 
domains. The domains are shown to change shape between consecutive images. The 
activation energy for the transformation to the other domain type has been deter­
mined from the STM observations, AE = 0.97 ± 0.05 eV. The observed domains are, 
however, not the same upon rotation as expected. A model is presented, ascribing the 
observed differences to a tip effect. In this model the tip is assumed to be sensitive 
to the in-plane bonding of the Cu atoms, leading to differences in the left-right and 
top-bottom bonding of the Cu atoms. In conclusion, the results on the copper oxygen 
show that the state of the STM tip may not only alter the corrugation of the images 
or can show chemical sensitivity, but that the tip state can also completely alter the 
appearance of the STM images. 
In chapter 5 the results are discussed on the formation of two ordered surface 
alloys of Mn on Cu(100). A c(2x2) structured MnCu surface alloy is formed upon 
deposition of at least 0.5 ML Mn at 300 K. This structure was not only observed on 
the islands but surprisingly at the same time on the terraces. To explain these re­
sults the Mn adatoms must initially exchange with the Cu surface atoms, thus Mn is 
incorporated in the copper surface. The large protrusions observed at the step edges 
of the c(2x2) MnCu surface alloy are considered to be Mn atoms having a different 
electronic and/or magnetic state. Depositing more than 1 ML Mn at 370 К resulted 
in a surface alloy with a p2gg(4x2) structure. Two models have been constructed 
from the LEED and STM observation on this alloy. In contrast to other STM studies 
on these surface alloys, a high corrugation is observed, as has been calculated for the 
c(2x2) alloy. However the high corrugation can not only be ascribed to structural 
effects as calculated, but tip effects have to participate to obtain this contrast. 
Chapter 6 deals with the growth of Cr on Cu(100) surface. The purpose of this 
study is the possibility of stabilizing a metastable phase of Cr different from its nor­
mal bulk form. For such films are expected to have peculiar magnetic and electronic 
properties. At 285 К the deposition of Cr is shown to produce multilayer islands. 
Two distinct step height are measured, one similar to the bulk bcc Cr(110) plane 
separation, in agreement with previous studies, and the other can be ascribed to fee 
Cr(100) steps. No atomic resolution has been obtained on the Cr, in contrast to the 
Cu terrace. At higher deposition temperatures the Cr forms more 3D islands or par­
ticulate features due to an increase of interlayer mass transport. In conclusion, the 
Cr does not form an epitaxial monolayer at the investigated temperatures (285 K-
575 K). 
The last chapter (chapter 7) describes the growth of Au on the Fe(100) surface. 
The preparation of high quality Au covered Fe(100) surfaces is essential for the ex 
situ study of interface or induced magnetism by second harmonic generation. Further­
more, this is a very special system as fee Au is grown epitaxially on bcc Fe, resulting 
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in a clear step height contrast of 0.14 nm and 0.20 nm respectively. This contrast 
enabled the study of the Au/Fe interface by STM. The Au(100) films were observed 
to reconstruct upon deposition of the fourth monolayer, which indicated that the sub-
surface Au layers must participate in the reconstruction. The deposition of Au on 
Fe(100) has been studied as a function of temperature and was shown to be layer-by-
layer for all temperatures (310 K-525 K) and optimal at 380 K. Deposition at higher 
temperatures is shown to result in roughening of the interface, concluded from the 
step height contrast. A model is presented to explain the observed patterns, based 
on interface diffusion and pinning of the sub-surface upon reconstruction. Growing 
Au on partially oxygen covered Fe(100) surfaces resulted in large pinholes. 
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Samenvatting 
In dit proefschrift worden uiteenlopende toepassingen van Raster Tunnel Microscopie 
(Engels: Scanning Tunneling Microscopy: kortweg STM) op het gebied van de opper-
vlakte fysica en materiaalkunde besproken. Alhoewel de onderwerpen per hoofdstuk 
zeer verschillen, hebben deze alle te maken met (sub-)monolagen metaal in situ aan-
gebracht op schone geleidende oppervlakken. De verscheidenheid aan onderwerpen 
strekt zich uit van de groei van dunne metaal films, metaal-halfgeleider grenslagen, 
magnetische dunne films en oppervlakken, tot aan de vorming van legeringen. Naast 
STM is gebruik gemaakt van Raster Tunnel Spectroscopie (Engels: Scanning Tunne-
ling Spectroscopy: kortweg STS), ondersteund door andere oppervlakte-onderzoeks-
methodieken zoals Auger electronen spectroscopie en Lage Energie Electronen Dif-
fractie (LEED). 
In hoofdstuk 2 worden het ultra-hoog-vacuüm systeem en de onderzoeksmethoden 
beschreven die gebruikt zijn voor het verkrijgen van de resultaten weergegeven in dit 
proefschrift. Het vacuüm systeem bevat onder andere, naast een kamertemperatuur 
STM, opdampfaciliteiten ontworpen voor het bestuderen van (epitaxiale) groei. Na 
het oplossen van vele zich voordoende technische problemen functioneerde uiteinde-
lijk het systeem goed, zoals kan worden beoordeeld aan de resultaten besproken in de 
volgende hoofdstukken. 
In hoofdstuk 3 is een kort overzicht gegeven van de bereiding van schone Si(100) 
2x1 oppervlakken. Bovendien is het effect van de depositie van Mg op deze opper-
vlakken bestudeerd met behulp van STM en STS. De groei van Mg op Si(100) 2x1 
is niet sterk geordend, zoals aangetoond met LEED en STM. Bij een toenemende 
bedekking wordt de gedeponeerde Mg laag wanordelijk en worden korrels zichtbaar. 
In het sub-monolaag gebied beeldt de STM de Mg atomen af bovenop de Si dime-
ren, hetgeen in overeenstemming is met computerberekeningen uitgevoerd volgens het 
Car-Parrinello schema. Bij iets grotere bedekkingen, maar nog steeds ver beneden een 
monolaag, vormen de Mg atomen kettingen loodrecht op de Si dimeerrijen. Ook al 
vormen vele elementen rijen op het Si(100) 2x1 oppervlak, is dit toch een verrassend 
resultaat. Geen van de andere elementen vertoond namelijk een grote afstand tussen 
de atomen of een verbindend lijnstuk tussen de atomen, zoals is waargenomen bij Mg. 
Op grond van een combinatie van spanningsafhankelijke topografie en spectroscopie 
metingen, worden deze lijnstukken toegeschreven aan schuivende onbezette toestan-
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den van de Si-dimeren. Door de overdracht van lading van Mg naar Si worden deze 
onbezette toestanden zichtbaar. Het meten van een STS curve op het schone Si(100) 
2x1 oppervlak was zeer moeilijk, doordat het Fermi niveau niet vast bleek te lig-
gen als gevolg van een plaatselijke tip geïnduceerde band buiging. Depositie van een 
kleine hoeveelheid Mg, dan wel de introductie van veel defecten (15%) leidde echter 
tot het vastleggen van het Fermi niveau, zoals bleek uit de goede resolutie van de dan 
verkregen tunnelspectra. De waargenomen verschuiving van het Fermi niveau (0,2 ± 
0,07 eV) naar een grotere Schottky barrière als gevolg van depositie van Mg kan wor-
den toegeschreven aan de introductie van extra toestanden beneden het Fermi niveau. 
Deze verschuiving blijkt echter tegengesteld aan de die zoals gemeten met Rontgen 
fotoelectron spectroscopie bij grotere Mg bedekkingen. 
In hoofdstuk 4 wordt het prepareren van schone Cu (100) één-kristallijne opper-
vlakken beschreven en zijn de resultaten verkregen op zo'n schoon zowel als op een 
geoxydeerd koper oppervlak weergegeven. Het geoxydeerde oppervlak vertoont de 
verwachte (л/2 χ 2\/2) R45c reconstructie, welke bestaat uit twee 90° graden ge­
draaide domeinen. Deze gebieden veranderen van vorm tussen opeenvolgende STM 
beelden. De aktiveringsenergie voor transformatie van de domeinen is bepaald uit 
de STM beelden, AE = 0,97 ± 0,05 eV. De met de STM verkregen beelden van de 
domeinen zijn evenwel niet gelijk onder rotatie, zoals verwacht uit de symmetrie van 
deze gebieden. Deze verschillen worden toegeschreven aan tip effecten die beschreven 
kunnen worden met een model. In dit model is aangenomen dat de tip gevoelig is 
voor bindingen in-het-vlak, leidend tot verschillen tussen links-rechts en boven-onder 
gerichte koper bindingen. Samenvattend kan dus worden opgemerkt dat de resultaten 
op geoxydeerd koper aantonen dat de toestand van de tip niet alleen de corrugatie 
van de STM afbeeldingen kan veranderen, maar tevens de aanblik van de STM af­
beeldingen. 
In hoofdstuk 5 worden de resultaten besproken van de vorming van twee geordende 
oppervlakte legeringen van Mn en Cu(100). Eén van deze legeringen heeft een c(2x2) 
structuur en wordt pas gevormd door de depositie van minstens 0,5 monolaag Mn bij 
300 K. Deze structuur wordt niet alleen waargenomen op de eilanden maar verba-
zingwekkend tegelijkertijd op de terrassen. Om deze resultaten te kunnen verklaren 
moeten de Mn ad-atomen van plaats gewisseld zijn met de Cu oppervlakte atomen, 
en zijn de Mn atomen opgenomen in het koper oppervlak. De grote uitsteeksels aan 
de stap randen van de c(2x2) MnCu eilanden worden nu verondersteld Mn atomen te 
zijn in een andere electronische en/of magnetische toestand. Depositie van meer dan 
1 monolaag Mn bij 370 К leidt tot de vorming van een oppervlakte legering met een 
p2gg(4x2) structuur. Aan de hand van de LEED en STM observaties zijn voor deze 
structuur twee modellen opgesteld. In tegenstelling tot andere STM studies verricht 
aan deze oppervlakte legeringen, is een grote corrugatie waargenomen, zoals eerder 
berekend voor de c(2x2) structuur. Deze grote corrugatie kan evenwel niet geheel 
worden toegeschreven aan structuur effecten, omdat tip effecten ook deel zullen uit­
maken van het waargenomen contrast. 
In hoofdstuk 6 wordt de groei van Cr op het Cu(100) oppervlak behandeld. Het 
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doel van dit onderzoek is het mogelijk stabiliseren van een metastabiele Cr fase in 
een andere dan de normale bulk vorm, welke fase bijzondere magnetische en electro-
nische eigenschappen zou bezitten. Het is aangetoond dat de depositie van Cr bij 
285 К leidt tot de vorming van multilaag eilanden. Op deze eilanden worden twee 
verschillende staphoogten gemeten, één gelijk aan een bulk bcc Cr(llO) monolaag, 
in overeenstemming met eerdere studies, de andere gelijk aan een fcc Cr(100) stap-
hoogte. Op het Cr is geen atomaire resolutie verkregen, hetgeen wel lukte voor de Cu 
terrassen. Bij hogere depositie temperaturen groepeert het Cr zich in deeltjes door 
een vergroting van het transport tussen de lagen. Samenvattend kan worden vast-
gesteld dat er geen epitaxiale Cr monolaag kan worden gevormd bij de onderzochte 
temperaturen (285 K-575 K). 
In het laatste hoofdstuk (hoofdstuk 7) wordt de groei van Au op Fe(100) opper-
vlakken beschreven. Het vervaardigen van een Fe(100) oppervlak bedekt met Au 
is van groot belang voor de ex situ studie van oppervlakte- en geïnduceerd magne-
tisme door middel van de tweede harmonische generatie. Bovendien is dit systeem 
bijzonder, doordat fcc Au epitaxiaal kan worden gegroeid op bcc Fe. Dit resulteert 
in een helder contrast tussen de staphoogten van Au en Fe, respectievelijk 0.14 nm 
en 0.20 nm hoog. Dit contrast maakt het tevens mogelijk om het Au/Fe grensvlak 
te bestuderen met een STM. De Au(100) films reconstrueren wanneer de vierde mo-
nolaag wordt aangebracht. Uit dit resultaat blijkt dat ook de onderliggende lagen 
deel hebben in de reconstructie van het oppervlak. De depositie van Au op Fe(100) 
vertoont laag-voor-laag groei bij alle gebruikte temperaturen (310 K-525 K). Maar de 
groei is het beste bij een temperatuur van 380 K. Depositie bij hogere temperaturen 
leidt tot verruwing van de grenslaag, hetgeen volgt uit de waargenomen staphoogte 
verschillen. Het vormen van de patronen van de stappen wordt beschreven met een 
model gebaseerd op de verwisseling van Au en Fe atomen aan de grenslaag, gevolgd 
door grenslaag diffusie, waarna uiteindelijk deze diffusie wordt gestopt door de recon-
structie van de laag. Tenslotte is waargenomen dat het groeien van Au op gedeeltelijk 
geoxydeerde Fe(100) oppervlakken leidt tot de vorming van gaten in de Au film. 
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Voor niet-natuurkundigen 
Veel gestelde vragen door vrienden, familieleden en bekenden zijn "Wat doet zo'n 
Onderzoeker-in-Opleiding", "Waarom wordt dat onderzoek verricht", of "Wat is het 
nut van het onderzoek". Daarom wil ik in dit korte hoofdstuk proberen om in voor 
iedereen begrijpelijk Nederlands een aantal van deze vragen te beantwoorden, met het 
doel iets te vertellen over de achtergronden, motivatie en resultaten van het onderzoek 
zoals beschreven in dit proefschrift. 
Als leidraad zal de titel van dit proefschrift worden gebruikt. Deze luidt vertaald 
in het Nederlands: "Raster Tunnel Microscopie studies aan metalen gedeponeerd 
(^neergelegd) op schone oppervlakken". De titel bevat drie belangrijke elementen te 
weten: de raster tunnel microscoop, waarmee het onderzoek is verricht; gedeponeerde 
metaallagen waaraan het onderzoek is verricht en schone oppervlakken waarop deze 
lagen zijn aangebracht. Deze elementen zullen achtereenvolgens de revue passeren. 
Materiaalkunde en Natuurkunde aan oppervlakken 
Over de gehele wereld wordt veel onderzoek verricht aan materialen en oppervlak-
ken. Onderzoek aan (nieuwe) materialen zal niemand verbazen, want vaste stoffen 
met betere of zeer specifieke eigenschappen, zullen leiden tot nieuwe of de verbetering 
van bestaande produkten. Enkele voorbeelden hiervan zijn: aluminium verbindingen 
voor vliegtuigen, sterkere vezels voor kogelwerende vesten en dichterbij huis nieuwe 
magnetische materialen voor videobanden en computer-schijven zodat daarop meer 
informatie past. 
Onderzoek aan oppervlakken daarentegen is niet direct voor iedereen vanzelfspre-
kend. Toch zijn er vele voorbeelden te bedenken van belangrijke processen aan opper-
vlakken waar een beter begrip kan leiden tot nieuwe produkten en produktiemethoden. 
Als voorbeeld neem ik de katalysator in moderne auto's, waarvan de werking is geba-
seerd op het versnellen van chemische reacties in de aanwezigheid van een oppervlak. 
Het is dan ook logisch dat er vele studies verricht worden door de chemische indus-
trie om te begrijpen hoe oppervlakken chemische processen beïnvloeden, met als doel 
goedkoper en sneller produceren met minder belasting voor het milieu. Andere be-
langrijke onderzoeksvragen zijn hoe beïnvloedt het oppervlak of de grenslaag tussen 
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twee materialen de magnetische en/of electrische eigenschappen van een materiaal, 
en welke parameters veranderen de fysische eigenschappen van een oppervlak. 
Om het onderzoek aan oppervlakken te vereenvoudigen neemt men vaak een per-
fect kristal met een mooi, recht, geordend en schoon oppervlak, zodat de resultaten 
direct kunnen worden toegeschreven aan dit oppervlak en niet aan eventuele ver-
ontreinigingen. In mijn geval heb ik koper, ijzer en silicium (siliciumoxide — zand) 
oppervlakken gebruikt. Een groot probleem hierbij is de snelle oxydatie (roesten) 
van de oppervlakken. Een volledig schoon silicium oppervlak bijvoorbeeld zou in de 
atmosfeer binnen 10 nanosekonde (0,00000001 sekonde) volledig bedekt zijn met een 
laagje zuurstof. Dit probleem is te voorkomen door het silicium in een vacuüm ka-
mer te brengen. Doordat er bijna geen zuurstof meer aanwezig is in deze vacuüm 
kamer zal het oppervlak niet meer oxyderen of in ieder geval veel langzamer. Met het 
vacuüm systeem zoals beschreven in dit proefschrift duurt het enige dagen voordat een 
schoon oppervlak weer geheel zal zijn geoxydeerd. Hierdoor is er na het schoonma-
ken ongeveer δ uur de tijd om aan dit schone oppervlak te meten voor het merkbaar 
verontreinigd begint te worden. 
Depositie van metalen 
Veel moderne produkten, zoals videokoppen en microprocessoren (chips in b.v. een 
computers), zijn opgebouwd uit dunne laagjes van verschillende stoffen. De eenvou­
digste toepassing van een dunne metaallaag is een spiegel, hierbij wordt een dunne 
metaal film aangebracht op een glasplaat zodat een spiegelend oppervlak wordt ver­
kregen. Veel complexer zijn de videokoppen en microprocessoren waar verscheidene 
lagen over elkaar heen worden aangebracht. In deze gevallen zijn de eigenschappen 
van de dunne lagen, de oppervlakken en de grensvlakken van groot belang. Het is 
daarom zeer belangrijk om te weten hoe de verschillende lagen elkaar beïnvloeden, 
hoe deze zich ordenen en hoe dit de eigenschappen van het meerlaags materiaal ver-
andert. Belangrijke grootheden bij het aanbrengen van een nieuwe laag metaal zijn 
de temperatuur, het materiaal en de structuur van de ondergrond. Maar ook de snel-
heid waarmee de nieuwe laag wordt vervaardigd en de laagdikte spelen een rol. Het 
gedeponeerde metaal kan namelijk, evenals water op een hydrofiel (=water aantrek-
kend) oppervlak een mooie dunne film vormen, maar het kan ook net zoals water op 
een hydrofoob oppervlak kleine ronde druppels vormen. Deze en ander parameters 
zullen uiteindelijk de nieuwe eigenschappen van de film bepalen. Om nu de invloed 
van verschillende grootheden te bepalen zijn de oppervlakken na depositie van een 
metaallaag "bekeken" met een raster tunnel microscoop. Op basis van deze micro-
scopische beelden kan een uitspraak worden gedaan over de wijze waarop de nieuwe 
metaallaagjes worden gevormd. 
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Figuur 1: (a) Schematische tekening van een raster tunnel microscoop. Weergegeven zijn: 
het te onderzoeken oppervlak, de naald en de piëzo bewegers voor de x, y en ζ richting. 
Vt geeft aan de spanning zoals aangelegd tussen naald en oppervlak. Tussen oppervlak en 
naald is een hoogtelijn getekend die de punt van de naald zal afleggen bij het bewegen in de 
y-richting. (b) Een afbeelding van een Si( l l l ) oppervlak van 10 nm bij 10 nm. Duidelijk te 
zien zijn de vele missende "atomen" in het oppervlak. 
Raster Tunnel Microscopie 
Het bijzondere van deze raster tunnel microscoop (Engels: Scanning Tunneling Mi­
croscopy, kortweg STM) is dat hiermee details kunnen worden "waargenomen" ter 
grootte van een atoom. Anders dan bij een gewone microscoop wordt er geen licht 
en lenzen gebruikt om een afbeelding te verkrijgen, maar wordt het te bestuderen 
oppervlak "afgetast" met een scherpe naald (zie Fig. la). Wanneer een electrische 
spanning wordt aangebracht tussen deze naald en het oppervlak dan loopt er al een 
klein beetje stroom voordat de naald het oppervlak raakt. Deze zogenaamde tunnel-
stroom is zeer sterk afhankelijk van de afstand tussen naald en oppervlak. Door nu 
deze tunnelstroom nauwkeurig konstant te houden, moet dus ook de afstand tussen 
naald en oppervlak dezelfde blijven. Deze konstante afstand wordt verkregen door 
de afstand tussen naald en oppervlak zeer precies bij te regelen met behulp van het 
langer of korter maken van een blokje piëzo materiaal in de z-richting (hoogte). Een 
hoogte plaatje (=topografie) van het oppervlak kan nu verkregen worden door de 
naald in kleine stapjes in de χ en y richting te bewegen (=rasteren) en op elk (x,y) 
punt de verplaatsing van de naald in de z-richting (hoogte) op te nemen (zie Fig. lb). 
De gemeten hoogte waarden worden dan vertaald in een grijs-tinten plaatje, startend 
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bij wit (=hoogst) naar steeds donkerder kleuren (=lager) tot zwart (=laagst). 
Deze nieuwe microscopische techniek (pas in 1982 ontdekt) kan details onderschei-
den van 0.02 nm (0.0000002 mm) groot. Dit is goed genoeg om de atomen (kleinste 
deeltjes van een element en zijn ongeveer 0.2 nm groot) van een oppervlak af te beel-
den met een vergroting van meer dan 10 miljoen maal. Om een vergelijking te maken 
wordt 1 mm dan vergroot tot 10 km, of je zou vanaf de aarde een voetstap kunnen 
onderscheiden op de maan. Ter vergelijking de kleinste details die een licht micro-
scoop nog kan onderscheiden zijn ongeveer 0.2 micrometer (0.0002 mm) groot, dus de 
raster tunnel microscoop geeft een 10.000 maal grotere vergroting. 
Raster Tunnel Microscopie studies aan metalen ge-
deponeerd op schone oppervlakken 
In dit proefschrift zijn een aantal verschillende onderwerpen bestudeerd. In hoofd-
stuk 3 is onderzocht wat er gebeurt als magnesium (Mg) wordt gedeponeerd op sili-
cium. Een conclusie van hoofdstuk 3 is dat de Mg atomen na aanbrengen geordende 
rijen vormen op het silicium oppervlak (zie Fig. 3.4). Nieuw hieraan is dat deze 
rijen niet geheel aaneengesloten zijn zoals bij andere metalen, maar dat Mg kettin-
gen vormt met korte verbindende stukken. Hoofdstuk 5 beschrijft de menging van 
mangaan (Mn) na depositie op een koper (Cu) oppervlak met dat koper. Wanneer 
de Mn atomen aankomen op het Cu oppervlak wisselen ze direct van plaats met de 
Cu atomen van het oppervlak en nestelen zich in het oppervlak. De Cu atomen die 
dan uit het oppervlak worden gestoten vormen op hun beurt ronde eilanden op het 
oppervlak. Deze zijn te zien in Fig. 5.3. Wanneer er precies een halve laag Mn ge-
deponeerd is, mengen de Mn en Cu atomen tot een netjes geordende laag aan het 
oppervlak, met om en om Mn en Cu in rechthoekige eilanden (zie Fig. 5.4). 
In hoofdstuk 6 is getracht een nette dunne laag chroom (Cr) te vormen op opnieuw 
een Cu oppervlak. Dit is geprobeerd bij verschillende temperaturen en laagdikten. 
Het bleek uiteindelijk niet mogelijk om zo'n nette laag te vervaardigen, doordat de 
roosters van Cr en Cu niet goed op elkaar passen (zie Fig. 6.1). In het laatste hoofd-
stuk is goud (Au) gedeponeerd op ijzer (Fe). Het doel was om het Fe geheel te 
bedekken met een zeer dunne laag Au zodat het Fe niet meer zou kunnen roesten. 
Zoals uit de metingen blijkt is dit ook gelukt. Hierdoor werd het mogelijk om buiten 
het vacuüm systeem aan het Au/Fe grensvlak magnetische metingen te doen. De 
raster tunnel microscopie studies aan het Au/Fe lieten een bijzonder en nieuw aspect 
van raster tunnel microscopie zien. In dit specifieke geval bleek het namelijk mogelijk 
om de grenslaag tussen Au en Fe waar te nemen, zeer opmerkelijk aangezien de raster 
tunnel microscoop alleen het oppervlak van een preparaat aftast. Hierdoor kon be-
paald worden dat dit Au/Fe grensvlak ruw wordt als het Au wordt gedeponeerd bij 
temperaturen boven de 160 °C. 
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